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Abstract 
During the development of flight tests of a spacecraft, heat exchange occurs 
among the many physically separated subsystem surfaces through the phenomenon of 
thermal radiation. Considering the increasing complexity of the geometrical forms and 
shapes in the design of such systems, the monitoring and control of the radiative heat 
fluxes taking place in the multi-reflecting, absorbing and emitting heat transfer 
environment are very critical. Because the analytical solution of thermal radiation in such 
geometrically complex 3-dimensional systems is not practical, extensive numerical 
modelling techniques are widely used to predict radiative heat fluxes on the many 
thermally active surfaces. From experience, it is found that this can be very difficult and 
not at all commensurate with fast feedback unless the analysis is from a simple system 
layout. 
Considering that a relatively new approach dedicated to the basic analysis of 
radiative heat flux has been developed by the heat transfer community as a numerical 
approximation called the Discrete Ordinates Method (DOM), a first question did arise in 
terms of how well an enhanced and more comprehensive formulation based on this 
concept would fulfil the task of achieving faster results whilst still accurately predicting 
radiative heat transfer in 3-dimensional, more complex geometries. 
At the other end of the process related to the analysis of thermal radiation during 
the spacecraft development and qualification program, a significant limitation occurs in 
terms of the technical difficulties in radiometer construction, installation and operation, 
in the context of the proper monitoring of radiative heat fluxes taking place during the 
system ground flight tests. This frequently imposes restrictions in the radiative heat flux 
monitoring with the obvious consequences of losing very important thermal data. 
A second fundamental question came out relating the applicability and efficiency of less 
complex and easier to use radiometers in the critical task of accurately measuring 
radiative heat flux in complex geometries. 
Abstract iv 
Since both the numerical modelling work and the applicability of the more 
practical-to-use radiometers are actually intrinsically connected when considering 
validation, a fundamental research program was undertaken in an orderly and sequential 
fashion. For the theoretical part of the program, the analytical algorithm related to the 
Discrete Ordinates Method started with the basic 2-dimensional formulation and was 
enhanced and improved in a step-by-step manner, with results being compared with tests 
from other published works. At the end of this phase, a comprehensive DOM-based 
formulation was obtained, dedicated to the analysis of radiative heat transfer in complex 
geometries. This included a number of internal boxes holding distinct temperature values 
and having arbitrary characteristics of dimension, shape and system installation layout 
and also with varying multi-emitting, absorbing and reflecting properties. This was 
validated against experimental measurements. For the practical segment of the research 
program, an extensive study was carried out in terms of the straightforward application, 
installation and use of standard-built radiometers and, subsequently, a full-size system 
thermal model representing all the requirements of arbitrary thermal, optical and 
geometrical conditions was built. Results from this were compared with those from the 
theoretical analysis. 
To access and analyse a direct comparison between the numerical modelling 
predicted data and the experimental measurements, several thermo-geometrical situations 
were proposed and subsequently reproduced in the laboratory. The theoretical- 
experimental comparison results showed that a consistent data correlation was 
successfully obtained. The Discrete Ordinates Method proved to be fast and to accurately 
predict radiative heat flux in complex geometries similar to those found in the design and 
tests on actual spacecraft. Also, the proposed analytical and experimental approach gave 
confidence that the installation and operation of standard radiometers could be 
implemented in a straightforward way to produce the desired reliable practical results. 
This work presents all the relevant details concerning the complete investigation 
process that was undertaken during the research program. 
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CHAPTER 1 
Introduction 
The second half of the 20th century was strongly marked by the desire and the 
determination of the human race to obtain the technological capability for the conquest of 
the space. It has been shown that we can create artefacts that are able to reach other 
planets, collect data and send useful information back to Earth, and that we can also build 
craft that can take man to space trip and to the moon. 
Looking a little further, the 500' International Astronautical Congress, held in 
Amsterdam in October of 1999, was remarkable decisive in terms of all the projects that 
could ensure the constant presence of humans in space through the already being built 
International Space Station. Also, this was a positive decision of the international space 
community to work for the first manned space mission to the planet Mars, expected to be 
attained in the next few decades. 
It is undoubtedly clear that the preservation of the human race, in case of the 
possibility of future living difficulties on Earth, or even a fatal immediate catastrophe, 
must be accomplished through space, using spaceships that can travel to other safe 
planets. 
All this vision of the importance of this field of technology gives us a vigorous 
inspiration for a contribution to the development of the necessary capability for its 
achievement. One way of doing this is to embark with strong commitment on the search 
for technological advances in the design and construction for the new generation of 
spacecraft and spaceships. 
More complex spacecraft and spaceships will demand more efficient and more 
reliable methods for designing and building them. To attain this, more research must be 
carried out. 
This conviction powers and drives the attitude for this work. 
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During the design, development and test phases of a space vehicle building 
program, either for Earth orbiting or for interplanetary flight, the requirements for the 
operational conditions of the several payload and service module subsystems are very 
critical. Considering that the flight circumstances encountered by the space vehicle and 
its subsystems are generally associated with an environment at very low pressure, the 
radiative heat transfer phenomena observed by the several exposed surfaces play a 
critical role in terms of the temperature conditioning of the spacecraft components. 
The electronic, optical, mechanical and other components of a spacecraft are 
designed and built according to standards related to environment conditions under which 
they are expected to properly operate during their pre-flight and flight lifetime. 
Every single component has its operational temperature range, and its overall 
performance can be significantly altered or even deteriorate when required to operate 
close to or over its specified temperature limits for a prolonged period of time. 
The actual operating temperature of a spacecraft component and/or subsystem can 
be optimised and centred in a kind of comfort zone by undertaking a careful thermal 
modelling design of the spacecraft, which includes essentially a precise control of the 
radiative heat fluxes taking place among all the thermally active surfaces. A more 
comfortable operational temperature range of the spacecraft components will definitely 
induce a longer lifetime and better functional performance. This is absolutely mandatory 
for the future generations of spacecraft including the spaceships and probes for long-term 
interplanetary travel programs. 
Today, having passed all the gleaming years of the beginning of space exploration 
well marked by the 1960's and 1970's, the new global order for the space application 
community, in terms of the activities related to the designing and building of spacecraft, 
is to design and make them as efficient and reliable as possible. This clearly makes sense 
considering the continuously growing demand for higher quality of the space systems 
including commercial services, the necessity to attend the rapid increase in the world- 
wide telecommunications services for example, and also the extremely high cost of the 
multi-channel telecommunication satellites, space shuttle commercial and scientific 
activities and the interplanetary probes and manned flights. 
With a view to this wide panorama, it is not difficult to understand that this future 
reality can only be reached if all the segments that are an integral part of the whole 
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process are individually also capable of complying with this goal of outstanding 
effectiveness. 
Having all of this in mind, it was decided to develop a research program for the 
optimisation of the prediction and measurement of thermal radiation in the interior of 
spacecraft and similar thermo-geometrical situations. 
To conduct this program in a consistent method, the following actions were 
determined upon: 
a) fundamental research to be carried out concerning a fairly recent mathematical 
approach for the analysis of thermal radiation on initial and basic 2-dimensional 
enclosures; 
b) a computer algorithm to be developed in order to perform predictions of radiative 
heat transfer phenomena on expanded 3-dimensional configurations; 
c) the analysis of thermal radiation to be enhanced for 3-dimensional geometrical 
configurations to include the multi-faces of virtually limitless thermal optical 
conditions. Several boxes with distinct sizes and shapes were considered in an 
enclosure, simulating the technical situation of the interior of a spacecraft; 
d) an experimental test set-up to be built in the laboratory, to include distinct subsystem 
sizes, with multi-shape, variable temperature and thermo-optical conditions and also 
layout positioning. Radiant heat fluxes could be produced and measured in many 
different locations, using specially designed and built radiometers; 
e) finally, the results from this test apparatus were to be used to perform correlations 
with the predicted values obtained from the computer algorithm simulation. 
This work presents the several elements comprising the different phases of this 
program of research. 
CHAPTER 2 
Thermal Radiation on Space 
Activities 
This chapter presents some relevant principles relating to the physics of thermal 
radiation, especially associated with space applications. 
2.1- Basic Principles of Thermal Radiation 
Thermal Radiation and Radiative Heat Transfer are the main technical terms 
used to describe the science of emission of energy by bodies, or the interactive process of 
heat transfer, in the form of electromagnetic waves or photons. 
The physical phenomenon of heat transfer by thermal radiation does not require a 
medium to take place in, and this makes its study a very important matter in vacuum and 
space applications. 
Some examples of technical applications of radiative heat transfer include the 
thermal control of spacecraft and their subsystems, the thermal effects of rocket engine 
nozzles, control of external heated surfaces on atmospheric re-entry of space vehicles, 
thermal radiation of internal combustion engines, comfort analysis from the radiative 
heat fluxes at the walls of large buildings, control of heat transfer in furnaces and 
combustion chambers, and so on. 
Considering that the energy transferred by thermal radiation can be analysed as in 
the form of electromagnetic waves, its speed in a vacuum is equal to the speed of light. 
In this way, the thermal radiation emanating from the Sun travels in space at the speed of 
visible light. 
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All objects and substances possessing a temperature above absolute zero emit 
energy in the form of thermal radiation. This is generated by the vibrational phenomena 
of the charged particles near the object or substance surface. This vibrational condition of 
the charged particles is associated with a distribution of accelerations that produces a 
spectrum of wavelengths, and the magnitude of the vibration is an indication of the 
temperature of the object. 
Different ranges of wavelength will determine the different kinds of emitted 
thermal radiation. At lower values of temperature, it is predominantly in the infrared 
range, characterised by relatively long wavelengths, from 0.7 pm to approximately 
102 µm. As the body temperature increases, more of the energy is emitted at shorter 
wavelengths and, from 0.4 µm to 0.7 µm, the main portion of radiation takes place in the 
visible range. For even higher temperature, most of the thermal radiation is emitted in the 
ultraviolet, ranging the shorter wavelengths from 10-1 µm to 0.4 µm. For illustration 
purposes, a simple scheme representing the relative range of the distinct categories of the 
electromagnetic wave spectrum is shown in Figure 2.1. 
Visible 
5.5 wv "m 
>CQC7ý+Cý 
X-Rays Ultraviolet Infrared 
, 
Gamma Rays Microwave 
Thermal Radiation 
' 0.40 0.70 
I; IIýýýIIII 
10"5 10d 10'3 10"2 10'1 1 10 102 103 104 
Wavelength, % [ um ] 
Figure 2.1 - Electromagnetic wave spectrum 
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When in the equilibrium condition, the internal energy of the object or substance 
will be proportional to temperature. This is basically the reason for the statement that 
thermal radiation is essentially the energy emitted by a medium that is due solely to its 
temperature (Siegel and Howell, 1992; Modest, 1993). While in conduction and 
convection the heat transfer is linearly dependent on the temperature, for the thermal 
radiation it varies with its fourth power. This means that, for surfaces presenting high 
temperature values, the mode of heat transfer by thermal radiation is notably 
predominant. 
The analysis of thermal radiation can be still more complicated if we consider the 
diverse characteristics of the materials surfaces. Different surface optical properties can 
significantly modify the characteristics of the emission of the thermal radiation. 
It is well known that radiative properties are very difficult to measure and can 
incur very erratic behaviour (Ozisik, 1973; Siegel and Howell, 1992; Modest, 1993), 
most commonly attributed to the instability of the optical properties with ageing. Besides 
that, all radiative properties can be dependent on the wavelength and this will also 
contribute to the already complicated analysis of the radiative transfer equations. 
2.1.1 - The Physics of Thermal Radiation 
The phenomenon of thermal radiation can be analysed by two distinct 
approaches: 
a) Following the proposed analysis of thermal radiation in the 19th century by the 
Scottish physicist James Clerk Maxwell, electromagnetic waves are the vibrational form 
of electric and magnetic fields, generated by accelerated charged particles. Like sound 
waves, these electromagnetic waves can transport some kind of energy, with the 
difference that the electromagnetic waves travel at the speed of light. The frequency and 
wavelength of the electromagnetic waves follow the relation to their speed 
c=X v=v (2.1) 
T1 
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where 
c= speed of light in the medium [m/s] 
X= wavelength [m] 
v= frequency [s'1= Hz] 
rj = wavenumber [m"1] 
The speed of light is dependent on the medium through which it travels. In a 
vacuum, the speed of light is equal to 
co = 2.998 x 108 m/s (2.2) 
and this then leads to the index of refraction of a medium, n, relating the speed of light in 
the medium to the speed of light in a vacuum: 
Co 
n=- 
C 
(2.3) 
For gases in general, the speed of light is very similar to that in a vacuum 
condition. For air at room temperature for instance, the refractive index is n=1.00029 
over the visible spectrum (Modest, 1993). In transparent solids and liquids, the speed of 
light is lower and this leads to the physical circumstance that, while the speed and the 
wavelength of thermal radiation vary with the medium, the frequency remains constant 
once it is a function only of the source of the radiation. For quartz for example, the index 
of refraction varies from 1.676 to 1.516, in the wavelength range from 0.185 to 2.324 Jim 
(Sparrow and Cess, 1978). - 
b) The other proposed physical model for thermal radiation is based on the quantum 
theory of radiation and was developed in 1900 by the German physicist Max Ludwig 
Planck. In this theory, thermal radiation is treated as discrete bundles of energy called 
quanta, or photons, in such a way that each one of the photons carries an energy that 
follows the relation 
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where 
E= photon energy [J] 
h=6.626 x 10"34 [J s] = Planck's constant 
v= frequency [s''] 
If both models are associated together, it is found that the photon energy E can actually 
be expressed as 
E_ 
hc 
(2.5) 
and, since h and c are constants, we have that thermal radiation energy is inversely 
proportional to the radiation wavelength. 
It is generally accepted that neither the electromagnetic wave nor the photon 
model perfectly describes the phenomenon of thermal radiation taking place over the 
complete range of wavelengths and in different media and materials (Ozisik, 1973; 
Sparrow and Cess, 1978; Modest, 1993). According to the physical situation, one model 
is more applicable but sometimes both concepts are interchangeable. Frequently, the 
radiative analysis on surfaces of solids and liquids is easily performed using the 
electromagnetic approach whilst for modelling the radiation phenomenon in a gaseous 
medium, the quantum theory has been revealed to be more applicable. 
2.1.2 - Fundamental Laws of Thermal Radiation 
The concept of the blackbody: 
A blackbody is an idealised object that retains very specific characteristics such 
that as being able to hold (therefore not reflect) and subsequently to absorb all the 
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radiation arriving at its surface, coming from all directions, and at all possible 
wavelengths. At the same time, the blackbody is capable of emitting the maximum 
thermal radiation for the temperature it is retaining, in all directions and at all 
wavelengths of the thermal radiation spectrum. The blackbody has also the property of 
not scattering any portion of the incident radiation. In these circumstances, the blackbody 
can be visualised as a perfect absorber and a perfect diffuse emitter. 
Although an actual blackbody does not exist, its concept is very important 
because it can be used as a model and a standard for the analysis of thermal radiation and 
related properties presented by real bodies. 
Planck's distribution: 
According to the theory based on quantum statistics developed by Max Planck in 
1900, the spectral distribution of the blackbody emissive power can be represented by 
F. - (T-v) = 
27thv3 n2 (2.6) -ov .-7", CO2 [ehv/kT _1] 
where 
k=1.3806 x 10-23 J ICI (known as the Boltzmann's constant) 
n= refractive index of the medium surrounding the blackbody 
The spectral blackbody emissive power, plotted in Figure 2.2, shows that the 
emitted energy increases as the surface temperature rises, for a given wavelength. 
In addition, for a specified temperature, the emitted radiation initially increases up to a 
maximum limit value and then it starts to decrease with increasing values of wavelength. 
It also shows that this maximum value of emissive power tends to occur at shorter 
wavelengths, for higher values of the blackbody temperature. 
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5762K 
0° 101 
Wavelength, X [µm] 
Figure 2.2 - Planck's blackbody emissive power 
Following the approximation (Modest, 1993) of the thermal radiation coming 
from the sun as a blackbody at a temperature of 5762K, it can be seen in the curve that 
this temperature presents its maximum in the visible region of the solar radiation, marked 
by the vertical dotted lines in Figure 2.2, between 0.40µm and 0.70µm. 
Wein's Displacement Law: 
In the analysis of thermal radiation from a blackbody, the German physicist 
Wilhelm Wien discovered in 1891 that the points that represent the maximum value of 
radiative emission for each temperature characterise a particular curve, where the product 
of the blackbody surface absolute temperature and the respective wavelength is actually a 
constant value, such that 
(X T)?. =ma., = constant (2.7) 
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In this situation, it is found that 
X 
max 
2898 
(2.8) 
T 
which is known as the Wein's Displacement Law, with X being the wavelength 
at which the maximum monochromatic emission occurs for the black surface at a 
temperature T. 
Total blackbody emissive power: 
The total emissive power of a blackbody characterise the total rate of thermal 
radiation emitted per surface area, and it can be obtained by integrating Equation 2.6 over 
all directions and over the complete wavelength range, leading to: 
Eb (T) = n2 QT 
4 (2.9) 
where 6=5.670x10-$ 
W 
m2 K4 
is known as the Stefan-Boltzmann constant. 
The equation represents the Stefan-Boltzmann law for the thermal radiation of a 
blackbody. 
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2.1.3 - Radiative Properties 
The thermal radiative properties can be analysed and studied on a wavelength 
spectral basis - commonly referred to as monochromatic radiation - where they are a 
function of the wavelength, but they can also be treated in an integral form. In such case, 
they are called thermal radiative total properties. 
Considering the most common behaviour of the thermo-optical properties 
presented by the surface finishing materials typically used in the thermal control of 
spacecraft (consequently to be used in the experimental section of this research program), 
the thermal radiative properties will be considered as the integrated, total function, 
covering the whole wavelength range, unless specifically stated to the contrary. 
A surface holding these characteristics is called as a grey surface. 
Intensity of Radiation: 
The intensity of radiation is defined as the amount of radiative electromagnetic 
energy streaming through a differential element of area on a real or an imaginary plane, 
per unit of time, and contained in a differential solid angle that is perpendicularly 
positioned to the imaginary plane. 
This physical situation can be visualised as in Figure 2.3. 
normal to dA 
Figure 2.3 - Geometry for the intensity of radiation 
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Considering dE as the radiant energy per unit area and per unit time leaving the 
differential surface dA, the intensity of radiation is 
dE 
d5 cosO 
(2.10) 
In these circumstances, if the intensity of thermal radiation is integrated over the 
whole hemisphere, it can be related to the total emissive power of a blackbody surface 
(diffuse emitter) as 
Ib = 
Eb 
71 
Radiative Heat Flux: 
(2.11) 
The radiative heat flux, here specified by q and related to the physical situation of 
the net rate from the energy going in and coming out from a differential area dA as 
depicted in Figure 2.3, can be obtained from the intensity of radiation as the generating 
function, and when integrated over all the hemisphere viewed by the imaginary surface 
plane, in the direction of the flow of the electromagnetic waves or photons, is 
net = qin 
+ Qout =f 
4n 
I COS 6dQ (2.12) 
Radiative properties: 
The total hemispherical radiative properties of a surface or a medium are related 
to the physical processes of emission, reflection, absorption and transmission of the 
electromagnetic energy, and are obtained by integrating the spectral optical properties 
over the entire range of the electromagnetic wave spectrum. 
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Considering an amount of thermal radiation arriving at a typical real surface, part 
of this energy will be reflected, another portion can be transmitted through the material or 
medium and the rest will be absorbed. Based on these phenomena, some radiative 
properties are defined: 
a) Reflectivity 
0= reflected portion of the 
incoming radiation 
total incoming radiation 
b) Transmissivity 
T= 
c) Absorptivity 
transmited portion of the incoming radiation 
total incoming radiation 
absorbed portion of the incoming radiation a= 
total incoming radiation 
Considering that the incoming radiation energy can only be reflected, transmitted 
and/or absorbed, and following the First Law of Thermodynamics for the conservation of 
the energy, then we have 
p+i+a= 1 (2.13) 
For the particular situation that the medium or surface is opaque for the thermal 
radiation incidence, then 
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ti =0 (2.14) 
and 
p+a=1 
For a blackbody, it can also be found that 
(2.15) 
p= r=0 (2.16) 
and, as expected for this particular situation, 
a= 1 (2.17) 
An additional radiative property can be defined considering that a real surface 
will emit thermal radiation when its temperature is above absolute zero but at a lower rate 
relative to the emission from a blackbody at the same thermal circumstances. In such 
analysis, the property Emissivity is defined as 
F- 
emitted thermal radiation by a real surface 
= 
emitted thermal radiation by a blackbody at the same temperature 
and is a relative parameter relating a real surface to the idealised properties of a 
blackbody. 
It can also be seen that, for all these four radiative properties, they are all non- 
dimensional and their values will vary between 0 and 1. Additionally, all four properties 
may be functions of wavelength and also of temperature. 
The absorptivity parameter in particular is less dependent on the absorbing 
surface temperature but is strongly dependent on the incoming radiation wavelength and 
therefore on the emitter surface properties and conditions. 
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Kirchoffs Law: 
For a particular situation where two bodies can only see each other and are kept at 
the same temperature, the German physicist Gustav Robert Kirchoff demonstrated in his 
work presented in 1859 that the total hemispherical emissivity of the surface of each one 
of the bodies must be the same as its total hemispherical absorptivity surface value, or 
aT = £T (2.18) 
and the Equation 2.18 is known as the Kirchoffs Law. 
Irradiation: 
Irradiation, here denoted by H, is defined as the total hemispherical quantity of 
thermal radiative flux incident upon a surface. 
Thermal radiation emitted by real surfaces: 
As already mentioned, in the real world no black bodies exist. As such, the 
amount of radiative energy emitted and/or absorbed by a real body is always less than 
100% of that predicted by the ideally conceived blackbody. So, for the phenomenon of 
thermal radiation, the analysis must be performed with the use of the thermo-optical 
properties of the body surface, i. e., the emissivity, absorptivity and reflectivity, and for 
non-opaque bodies, also the transmissivity coefficient must be considered and applied. 
Following this assumption, the thermal radiation emitted by a real body will then 
be expressed as: 
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Radiosity: 
Considering the analysis of thermal radiation on the surface of a real body, since 
the incoming radiation is not completed absorbed and consequently is partially reflected, 
the amount of thermal radiation actually leaving this surface is not composed only of the 
emitted radiation as it is in the blackbody analogy. Now, it must be augmented by the 
quantity of the reflected fraction of the total incoming irradiation. 
In this way, Radiosity, J, can be defined as the sum of two portions of thermal 
energy leaving the surface, i. e. 
J=sEb+pH 
where H, as already stated, is the total incoming hemispherical irradiation. 
2.1.4 - View Factors 
(2.20) 
Considering that the stream of electromagnetic waves or photons occurs in a 
straight line where no obstacle is encountered, the radiative heat transfer that takes place 
among separated surfaces is significantly dependent on how much one surface insights 
the other one. These kinds of solid sight angles are consequently called shape factors, 
configuration factors, or simply, view factors, and they represent a limit on the amount of 
radiative transfer that can take place among surfaces sharing a space. It is a geometrical 
function, and under such circumstances it can be determined by using spatial geometry. 
Recalling that it represents a percentage of the maximum condition of one surface 
'seeing' another one, its value varies from 0 to 1. Taking the situation of two finite 
blackbody surfaces at temperatures Tl and T2, it directly affects the net radiative heat flux 
in such a way that: 
qi-, 2 = FI_i2 a (Tl4 - T24) (2.21) 
where q is a quantity of heat flux per unit area. 
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2.1.5 - Thermal Radiation Exchange by Black Surfaces 
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The analysis of radiative heat transfer among black surfaces is relatively 
straightforward, mainly because no reflection phenomenon is involved. 
Considering firstly just two surfaces as represented in Figure 2.4, the thermal 
radiation energy exchanged must take into account the view factors between the surfaces. 
A, 
Ai 
Figure 2.4 - Thermal radiation between two black surfaces 
In this way, the radiative heat transfer for this case, taking place from surface 1 to 
surface 2 is 
01' 
Q1-42 Qi - Qa 
Q 1-12 = Al Fl-->2 (Ehl - Eh2) 
Q1-42=Al Fi >2 a(Ti4-7) 
4) 
(2.22) 
(2.23) 
Considering now a physical situation where several black surfaces are thermo- 
radiatively participating, as depicted in Figure 2.5 for example, 
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Aj 
Figure 2.5 - Radiative exchange among several black surfaces 
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the net radiative heat transfer perceived by the surface i for instance, must now account 
for the energy transfer with all the surfaces in its field-of-view, including itself in the 
case of it is holding a concave form. The rate of thermal radiative heat flux experienced 
by the black surface i, uniformly kept at temperature Ti, is then 
g; =Er,; -H; (2.24) 
or q; =6T; a-Hi (2.25) 
where q=Q; /A; and the irradiation Hi is the total incident radiant energy upon the 
surface i per unit area. It represents the total amount of radiation coining from all the 
surfaces that are in the field-of-view of the surface i. 
Considering any other black surface j, it radiates a quantity of 
6 T1a (2.26) 
in all directions, per unit area, and the amount that actually hits the surface i is limited by 
the view factor between the two surfaces. This leads to 
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vT j' FAi-, Aj (2.27) 
Following this situation, the amount of radiant energy arriving at the surface i is 
the sum of the contributions from all n surfaces in its field-of-view, or 
n 
H; =6 Tk 
4 FAi-)Ak 
k=1 
(2.28) 
In this way, the net heat flux per unit area taking place at the surface i will be 
R 
q; = 6Ti4 -ý 6Tk4 FA; --*Ak 
k=1 
2.1.6 - Radiation Exchange by Real Surfaces 
(2.29) 
The analysis of the thermal radiative heat exchange among real surfaces not 
simplistically distributed, having the physical properties of emitting, absorbing and 
multi-reflecting radiative energy, from and to all possible directions, is not a 
straightforward task. 
The simple alteration of the emission or absorption condition of just one surface, 
following the possible propagation of multiple reflections that can take place among the 
other parts of an enclosure, can end up affecting the radiative heat flux perceived by a 
further positioned surface that could even not make part of the direct field-of-view of the 
first one. This physical situation is indeed real on the inside of a flying spacecraft, and 
the study of these radiative interchange phenomena will be the core of this work. 
In the real world of engineering application, most of the thermal radiatively 
participating surfaces approximate the physical condition where the emitted and the 
reflected intensity of radiation do not depend on the direction of propagation observed on 
the hemisphere (Modest, 1993). This surface is then referred to as a diffuse surface. 
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Taking this into consideration, in this work the surfaces will be treated as diffuse and, as 
previously stated, also as grey surfaces (Sparrow and Cess, 1978). 
For the analysis of the radiative energy exchange among grey and diffusely 
emitting and diffusely reflecting surfaces, in the case of N isothermal surfaces maintained 
at distinct temperatures, the net heat flux resulting at a surface i will follow the same 
approach of the black surface, but now considering the thermal optical properties of the 
surface in study, such that 
q; =F '; aT, 
4-a, H; (2.30) 
In this case, the incoming irradiation can also be dependent on the optical 
properties of the surface i, once the not totally absorbed and therefore reflected 
irradiation will in the next step be partially absorbed and partially reflected back by the 
others surfaces, creating a kind of iterative process. 
For the analysis of radiation in enclosures containing no special sources, the 
radiative heat transfer takes place virtually all in the infrared range. In this condition, 
both emitted and incident radiation are limited to the same wavelength range, where the 
spectral emittance can be considered constant, making the approximation of a grey-body 
acceptable. Following this approximation, the emissivity a can be considered as the same 
value of the absorptivity a and then the radiative flux on the surface i can be expressed as 
qi = e; (6Ti4 - Hi) (2.31) 
Considering a situation where it is desired to calculate the radiative heat exchange 
between only two of the surfaces of the enclosure, each one having its own specifications 
of temperature and optical properties, then the following equation might be applied 
(Kreith and Black, 1980; Thomas, 1992): 
Eb' - Eb2 (2.32) 4i-+2 = 
1-E, 1 1-E2 
A, E, A, F, -+2 A2 
E2 
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2.1.7 - Radiation through Absorbing and Emitting Media 
The radiative heat exchange between two surfaces separated by a vacuum is the 
most direct and the simplest that can occur. However, in other situations, a medium 
rather than a vacuum, most commonly composed of some kind of gas or a mixture of 
gases perhaps including particles, is present in the system. This gas or gas mixture can be 
considered as radiatively participating or non-participating. For gases retaining 
symmetrical molecular structures, like 02, H2 and N2 for instance, the medium is 
virtually radiatively non-participating (Cornwell, 1977; Kreith and Black, 1980; 
Brewster, 1992). On the other hand, more complex gas mixtures separating surfaces can 
significantly change the resultant heat transfer conditions, since this medium can hold 
properties such as absorbing, emitting and/or scattering the thermal radiation. 
To perform the analysis of heat transfer in a thermo-radiatively participating 
medium, the fundamental principles are the same but the intensity of radiation is now 
considered as the natural choice to be the convenient variable. Among other reasons, the 
intensity of radiation does not need to be analysed in a surface as the emissive power 
does and, considering that it travels at the speed of light turning kinetic contribution from 
the fluid as negligible, if an energy balance investigation is carried out, any change on the 
intensity must be due to the contribution from the filling medium. 
Basically, three types of thermal radiative process can affect the intensity of 
radiation in a medium, viz absorption, emission and scattering. 
So, when radiant energy travels through a path not anymore in a vacuum but now 
containing a radiatively participating medium, its intensity is exponentially attenuated by 
absorption and out-scattering and augmented, firstly, by emission accounted for by the 
natural temperature of the gas and, secondly, by in-scattering through the radiant energy 
coming from other directions. In these cases, the absorbed energy is converted into 
internal energy while the out-scattered portion is redirected another way. 
Absorption: 
The physical process of attenuating the energy by absorption is related to the 
interaction of the filling gas molecules with the travelling radiation, and is dependent on 
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the radiation wavelength (because of the change on the propagation velocity) and on the 
temperature and pressure of the gas. 
Performing a balance of energy on a differential element in a linear path, the 
variation of the intensity of radiation by the absorption process is then expressed by 
(dln)abs = 'Kn In ds (2.33) 
where xn is the Linear Absorption Coefficient, expressed on a spectral basis through the 
radiation wavenumber, r), and the negative sign shows that the magnitude of the radiant 
intensity decreases (Modest, 1993). 
Equation 2.33 can be integrated over the geometric path, leading to 
I (S) = I,, (0) eXp(- fo K,, ds) =1,, (0)e-i" (2.34) 
where 
rS tin =Jx,, ds 0 
is the Optical Thickness of the medium, related to the absorption phenomenon. 
Out-scattering: 
(2.35) 
Depending on the nature of the filling material, the passing radiative energy can 
experience a change in the direction of the travel and be scattered away from its 
travelling path. This eliminates a certain portion of the incoming intensity from the 
original direction of propagation. In this way, in an elementary control volume, we can 
have 
(dI,, )SCa = -65. q In ds (2.36) 
where 
am, = Linear Scattering Coefficient 
and the minus sign denotes the decreasing of the passing radiant intensity. 
Chapter 2. Thermal Radiation on Space Activities 
Total Attenuation: 
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The total attenuation of the incoming intensity can be related to the so-called 
Extinction Coefficient. This represents the sum of the scattered and absorbed energy, 
and has the form 
N= xn 65n (2.37) 
The extinction coefficient is a physical property of the medium, being affected by 
its temperature, pressure and composition, and also by the radiation wavelength, and has 
units of the reciprocal of the length, UL. 
Emission: 
The radiative energy travelling through a participating medium can be augmented 
by the contribution of the emitted energy of the medium itself, and it is proportional to 
the length of the path. In addition, if the system is in thermodynamic equilibrium, the 
intensity must be the same as for a blackbody and then we have 
(dI )em = Kn I6n ds 
where Kn is the already known Absorption Coefficient. 
In-scattering: 
(2.38) 
The travelling energy in the radiatively participating medium_ can also be 
augmented by the gain from the contribution of the scattered energy coming from all 
other directions, integrated over all solid angles. 
This gain of energy by the in-scattered radiation is represented by 
(dln )ua (s) = ds 
4ý 
Janln (Sj)ýn (st, §)d52, (2.39) 
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where On is the Scattering Phase Function, and it represents the statistical behaviour of a 
radiant ray coming from a direction s; and to be scattered into a certain s direction. 
For the isotropic situation, the radiant energy is scattered at the same rate in all 
directions, and in this case the scattering phase function then equals unity. 
Besides the thermal radiative properties already presented, some other functions 
are very significant in the analysis of thermal radiation in participating media: 
a) Optical Thickness: 
The Optical Thickness function is defined as 
ýS = fo ß(s)ds = (x+a)s (2.40) 
and represents the ability of a certain path length of the medium to attenuate the 
travelling thermal radiation. 
If i»1, the medium is considered optically thick, and it presents a high probability that 
the travelling energy will be absorbed; 
if ti « 1, then the medium is considered optically thin, and in this case it presents a low 
probability that the travelling energy will be absorbed. 
In addition, we have that 
1= 
mean free path 
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This means that the reciprocal of the extinction coefficient statistically represents 
the maximum length that a photon will pass through the length before it gets absorbed or 
scattered. 
b) Single Scattering Albedo: 
The single scattering albedo, here denoted by yr, is a rating function that 
characterises the relative contribution of the scattering coefficient in relation to the total 
extinction condition. It has the form 
Wn - 
ßs11 
K, i 
+ ßgn 
and it is evident that its value ranges from 0 to 1. 
THE EQUATION OF TRANSFER: 
6sn 
on 
(2.41) 
For the analysis of radiative transfer in thermo-radiatively participating medium, 
we have to consider all the physical phenomena that can take place and, for the most 
generic situations, the effects of absorption, emission and scattering must be accounted 
for. Under local thermodynamic equilibrium conditions, an energy balance made on the 
radiant heat flowing through a path will lead to the Equation of Transfer, which is an 
integro-differential equation that describes how the intensity of radiation varies along the 
path through the medium. 
So, the Equation of Transfer, in its general form considering the monochromatic 
energy travelling in the direction 9, will be (Modest, 1993): 
dIn 
ds = xn 
Ibn - On In + 4ý Jarzln ("s; )ýn ("s")dS2, (2.42) 
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where the physical quantities can vary with the position in space, wavelength and time, 
although the time dependence can be neglected considering its relative low variation to 
the speed of the light. 
In this way, the analysis of radiative heat transfer in participating media for 
engineering applications invokes a specific solution for the Equation of Transfer, and this 
will be discussed in Chapter 3. 
2.2 - The Orbital and Interplanetary Space Environment 
The space situated beyond the Earth surface and outside the atmosphere cannot be 
analysed just as an 'empty volume'. It actually contains many electrical, magnetic, 
chemical, physical particle conditions and other circumstances that any object placed in 
that region can be considerably disturbed by these space environmental phenomena. 
The most common natural influencing effects encountered by a typical Earth orbiting 
man-made spacecraft can be identified as: 
a) Low Pressure: 
The space relatively far from planets, stars and other significantly large asteroids 
is well characterised by the presence of a very low quantity of materials and gases, 
leading to a local pressure of about 10-8 to 10-17 times lower than the Earth's standard 
atmospheric sea level pressure. In the first instance, this ensures that any kind of 
relatively volatile material would obviously be useless in the construction of a spacecraft 
designed for a comparatively long lifetime. The low pressure of space causes the so 
called outgassing phenomenon on virtually all the materials exposed to this environment 
so that, if they are not physically and chemically stable, it can lead to a change in their 
properties and characteristics, with the possibility of compromising their functional 
integrity. In a further step, these volatile outgassed materials can even condense on cooler 
spacecraft surfaces, substantially changing their thermo-optical properties. This can 
critically put at risk the thermal control of the whole system. Obviously, a completely 
undesirable situation would be the condensing deposition of outgassed materials on top 
of more sensitive surfaces like payload optical lenses or even on the spacecraft solar 
array. 
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For the thermal modelling and control of the spacecraft, the vacuum condition 
plays even a more critical role. At this level of low pressure, the convective heat transfer 
can be considered as relatively nil, and all the heat exchange among the non-contacting 
surfaces is attained by the phenomenon of thermal radiation. This makes the analysis, 
modelling, measurement and control of the physics of radiative heat transfer a critical 
and decisive matter in the thermal survival of the spacecraft components and, as a 
consequence, for the full spacecraft system. 
b) Hot and Cold Temperatures: 
Obviously, space can not be considered as being hot or cold. In principle, a 
physical object positioned in the space environment will experience a hot or a cold 
thermal condition depending on the input and/or output of heat fluxes observed by its 
surfaces or, in a particular case, heat being generated or being absorbed in its interior. 
In essence, if there is no directly or indirectly significant heat sources in a particular 
location in space besides a warmer object, space can then act as a heat sink, absorbing 
virtually all the thermal radiation that could be emanating from that particular object. 
Considering that an orbiting spacecraft is positioned outside the Earth's 
atmosphere, it will then receive practically the full, non-filtered thermal radiation coming 
from the sun. In the same way, when the spacecraft is in the Earth's shadow (eclipse 
condition) it will rapidly tend to lose heat by radiation. In this situation, the infinite 
intergalactic black space is acting as a heat sink at a very low temperature, commonly 
estimated as 4K. Some other modes of gaining and losing heat are better explained in 
Section 2.3, but essentially the spacecraft in the Earth's orbit is considered to be exposed 
to a very strong external heating and cooling environment. This necessitates a very 
careful thermal design in order to guarantee a satisfactory operating temperature range of 
the many spacecraft components. 
In Earth orbital positioning, the solar spectrum in the ultraviolet to infrared range 
can be approximated by the thermal radiation from a blackbody object at a temperature 
of 5762K, and the radiant energy integrated over all wavelengths and measured at a 
distance from the Sun of 1 AU (one astronomical unit) is called the Solar Constant. 
It is estimated to be 1353 ±2.1W/m2 (Modest, 1993). 
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Additionally, the Earth and its atmosphere also emit thermal radiation and reflect 
sunlight. This last one is the phenomenon called the Earth's albedo. This reflected solar 
radiation is passive to significant local variation in the Earth's surface type and cloud 
cover. An estimation of the average albedo rate varies between different authors and 
researchers. A reasonable representative value for the Earth's albedo seems to be 30% of 
the total radiation received from the Sun. 
Perceived by an object in orbit, the thermal radiation coming from the Earth is 
composed partly from radiation in the Earth's surface spectrum (in this case 
approximated by a blackbody at 288K) and partly by radiation in the Earth's atmosphere 
spectrum. In this condition, it is approximated by a blackbody at 218K. The averaged 
intensity of Earth emission, for an average day of the year, is estimated to be 
237 ± 5W/m2 (Nuss, 1996). 
The thermal radiation coming from the Earth through emission and by albedo 
plays an important role on the thermal balance of a spacecraft in low orbit, considered the 
large solid angle presented by the Earth (Watts, 1965). 
For interplanetary flight, a spacecraft may not experience any thermal radiation 
coming from planets (emitted radiation or their albedo) or may even receive very little 
thermal energy coming from the sun or other stars, if travelling sufficient distances from 
these sources. This condition will determine that the thermal energy needed by the 
spacecraft for the proper house-keeping of its subsystems in the operational conditions 
must be accomplished by internal sources, like thermo-electrical or even nuclear 
generating devices. Examples of this situation is the design configuration of the 
interplanetary probes Explorer I and II, from the Jet Propulsion Laboratory (NASA- 
USA), which are carrying and using thermo-nuclear generators since they were launched 
in 1972 and 1973. These probes are heading towards the limits of our solar system, at a 
speed of 35,000 km/h and are still sending useful data back to Earth. 
c) Microgravity: 
In general terms, in order to keep a man-made craft in a planet or other celestial 
body at circular orbital condition, the centrifugal forces applied to its centre-of-mass by 
the orbital injection launcher vehicle must be equal to the centripetal force generated by 
the planet's gravity, applied at the same point. This means that the core of the spacecraft, 
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or a laboratory station for example, is constantly experiencing a kind of weightless 
condition, or microgravity. 
This particular situation must be considered as very important when gravity- 
sensitive matters/beings like animals, plants, and even some physical-chemical processes, 
are placed or taking place on-board of the orbital flying spacecraft. A weightless 
environment can significantly affect human and other animal physical conditioning such 
as food and liquid ingestion/digestion, muscles and bones atrophy, positioning 
orientation; plants growing and their basic living processes; material crystal growing 
phenomenon; biological cells development and interaction behaviour; and so on. 
d) Radiation Environment: 
The radiation environment is mainly characterised by energetic particles such as 
electrons, protons, neutrons, heavier ions, or by photons, such as gamma rays and 
x-rays. The naturally occurring sources of radiation in space can generally be divided 
into: 
i) Trapped radiation belts - energetic particles mainly formed by electrons and 
protons, which are confined to lines of the magnetic fields around the Earth. 
This is called the Van Allen belt; 
ii) Galactic cosmic rays - energetic nuclei, up to at least 1018 eV, generated from 
the explosions of supernovas; 
iii) Solar cosmic rays - energetic particles, mainly protons, generated on the Sun. 
These highly energetic radiation particles can pass through the materials surfaces 
and even interact with the spacecraft interior. This situation might cause degradation of 
the materials' properties or can affect spacecraft electronics such as inducing memory 
errors in computing and storage devices, decreasing power generation on solar arrays, 
etc. 
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e) Other environment conditions: 
Other significant space environment conditions can be exemplified as: 
The neutron environment - where a spacecraft, flying in low orbit at relative 
speeds of around 28,800 km/h, can experience some aerodynamic drag forces 
strong' enough to cause sputtering and/or material degradation due to atomic 
oxygen attack. 
The plasma environment - represented by ionised neutron atoms at about 
300 km altitude. Differences in spacecraft materials in terms of electrical 
conductivity when exposed to this environment can lead to an electrical potential 
charge. If the potential difference is high enough, an arc discharge between the 
surfaces can occur, interfering with the sensitive on-board electronics, or even 
permanently damaging the spacecraft. 
Micrometeorites and orbital debris including natural and man-made particles that, 
because of their high kinetic energy, can cause erosion or even seriously damage 
the spacecraft. The increasing space activity in more popular orbits like the 
geostationary for example, highlights the problem. Obviously, still more concerns 
appear for the manned space missions. 
- Dust and residues of atmosphere at lower altitudes. 
From these several space environment effects, the physics related to the thermal 
vacuum conditioning of a spacecraft will be addressed and analysed in this work. 
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2.3 - Thermal Design and Flight Simulation of Spacecraft 
The temperature control of space vehicles: 
As mentioned in Section 2.2 (part b), the actual temperature of the several 
subsystems of a space vehicle orbiting the Earth for instance, is the result of a balance of 
the input and output thermal energies, including the external sources such as the solar 
radiation and the Earth radiative emission and albedo, and also of the multiple gains and 
losses by thermal radiation and conduction among the spacecraft several surfaces and 
subsystems. 
To ensure that the spacecraft's subsystems perform as expected during their 
operational lifetime, a proper thermal design for the temperature control of the system as 
a whole must be developed. The implication of this is that every single subsystem or 
component should be maintained within its operational temperature range for its precise 
functioning. The spacecraft thermal design engineer will then use the necessary and 
available techniques and tools for the accomplishment of this goal. For analytical 
purposes, the dimensions of the spacecraft elements in most of the situations can be 
viewed as small enough and considered as isothermal and uniformly irradiated. 
As an initial approach to proper thermal conditioning, a basic satellite orbiting the 
Earth and having uniform external surface properties can be analysed by means of the 
development of its thermal balance. In this circumstance, for a steady state equilibrium 
condition, we have that the total energy absorbed by the spacecraft must equal the 
radiative energy lost by its external surfaces (Gordon, 1965), or 
acApSSW + acApP, SS + £, ApE, + Qc = EcAtaTc 4 (2.43) 
The left hand side of this equation contains respectively the energy gains by direct 
sunlight, the radiation from the sun reflected by the Earth, the energy emitted by the 
Earth itself and the spacecraft internally generated energy, and 
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cc, = average solar absorptivity for the spacecraft surfaces 
sý = average emissivity for the spacecraft surfaces 
Pe = average Earth's albedo 
Ap = projected area of the spacecraft to the incoming rays 
At = total external area of the spacecraft 
SS = solar constant 
Ee = Earth emitted thermal radiation 
tV = percentage time when the spacecraft is directly exposed to the sun, taking into 
consideration the eclipse effect 
In the real situation, instead of an average value of surface thermo-optical 
properties for the entire satellite, we have that virtually all the subsystems will hold their 
very own characteristics and Equation 2.43 must be precisely composed and constructed 
in order to account for this. 
During the design phase of a spacecraft, the thermal engineer first performs the 
calculation of the heat fluxes and the temperatures using experience and some technical 
feeling. If the resultant values of temperature are outside the specified operational range 
of the subsystem, then actions are taken in order to modify the capacity of gaining or 
losing heat by that particular spacecraft subsystem. This can include the modification of 
the surface finish, i. e., by changing its absorptivity/emissivity properties or by adding 
some extra heat source or heat rejection process, or even by modifying the layout of the 
subsystems inside the spacecraft, if necessary. For the techniques and tools commonly 
used for the thermal control of spacecraft, two main philosophies can be applied: 
a) passive thermal control - where the heat gain and/or loss of the subsystem can be 
controlled by using procedures such as adjusting the thermal optical properties of its 
surfaces, regulating the heat conduction through the spacecraft structure fixing points 
or contact surfaces, and others. These procedures are usually implemented prior to 
the launch of the spacecraft and expected to perform in operation in space. 
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b) active thermal control - when some special devices are included on board the 
spacecraft with the purpose of supplying extra thermal energy or, alternatively, to 
remove heat from a particular subsystem. In general, these artifices are programmed 
to initiate their operation during the flight of the spacecraft. 
The passive thermal control techniques are the most frequently used since they 
are generally less expensive, easier to apply and to control, and they are also more 
reliable mainly because they do not depend on managing systems or additional 
complexity like moving parts, for instance. 
For heat exchange between surfaces, the control of the emissivity/absorptivity is 
attained by choosing the right surface finish condition, habitually by the application of 
special tapes, paints or even mechanically preparing the surface. In certain situations, 
specific layouts or patterns of tapes/paints are applied in order to get the desired optical 
properties. Examples of these situations are the application of parallel stripes of two tapes 
holding different values of emissivity in order to approach an average value on the 
surface to obtain the desired amount of heat to be rejected, and a black paint applied in a 
surface just underneath a certain hot component in order to better cool down that specific 
part of the subsystem. 
Some drawbacks of the technique of passive control are the possibilities of the 
optical properties of the surface suffering some deterioration by ageing, or physical 
damage from collision with particles such as micro-meteorites in the case of an exposed 
condition. 
For heat exchange by thermal conduction, the use of properly specified washers, 
bolts and other attachment devices are very common, and special filling compounds can 
be utilised during the installation of a subsystem on the spacecraft structural walls. 
Both such techniques are frequently used in order to get the exact amount of heat flux 
between the hardware attachments or the surfaces. 
The active thermal control technique is generally invoked when all the passive 
control tools have proved to be insufficient or not satisfactory for the task to be 
undertaken. This type of control technique includes the use of electrically powered 
heaters, heat pipes, thermal louvers and even radioisotope thermoelectric generators. 
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The electrical heating devices are the most commonly used since they are not so 
difficult to install and to control. The electrical power comes from the budget of the solar 
array. This can be much available in Earth orbits. Because rechargeable NiCd batteries 
are very sensitive to cold temperatures, the use of the technique of electrical heating is 
very common in order to keep their thermal conditioning under close control. Another 
typical application of electrical heating is the one used to maintain the fuel of the tanks 
and the related flow valves within the limits of their operational temperatures. As already 
mentioned, this thermal control technique will require the inclusion of extra equipment 
on board of the satellite which adds extra weight, and demands some kind of 
management. 
On the other hand, for some applications (e. g. the travelling of space probes away 
from the radiative support of the sun) they will need some kind of active thermal control 
in order to keep their subsystems within thermally operational conditions. 
The Thermal Vacuum Tests of spacecraft: 
Considering the multiple phases of the design and construction of a spacecraft, 
several ground-based environmental tests are necessary in order to check the spacecraft's 
perfect condition as a whole. The requirement of a pre-flight extensive test program is 
not difficult to understand, considering that after the spacecraft has been launched, any 
attempt to repair a faulty component obviously would not be straightforward. 
Besides the Vibration and Shock Tests, performed in order to verify the structural 
design and construction against the mechanical stress that the spacecraft will be 
submitted during the launch phase and its injection into orbit, the EMI-EMC tests, to 
check the intercompatibility among the several subsystems in terms of electromagnetic 
interference that may occur during its operational conditions, the Balancing and Mass 
Properties Measurements, which are necessary to check the actual values of 
centre-of-gravity, moment of inertia, moment of torsion and the correct balancing for the 
cases of spinning satellites, the Thermal Vacuum Tests are extremely important to verify 
how the spacecraft will perform during its whole lifetime in orbit, under the temperature, 
heat fluxes, and low pressure stresses. 
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For these flight-simulating tests, the spacecraft is installed inside a thermal 
vacuum chamber, which is able to very closely simulate the environmental conditions 
found in space in terms of thermal and low-pressure conditioning. In order to reproduce 
the heat sink effect of space, radiative thermal shrouds are installed close to the chamber 
internal walls. These shrouds are generally made from aluminium or stainless steel 
backed by pipes with cold circulating gaseous or boiled liquid Nitrogen. Although the 
heat sink temperature using this particular kind of fluid can only go down to about 
-196°C, is has been proved to be sufficient in terms of simulating the necessary 
absorption of the radiative heat released by a typical spacecraft in space. A major concern 
of course is the excessive cost for the achievement of lower temperatures at the walls of 
the huge space simulating chambers. 
In order to get a more representative simulation of the heat gains and losses by the 
spacecraft, it must be installed inside the test facility in such a way as to be thermally 
decoupled from the chamber structure itself. One of the techniques used for this purpose 
is to hang the spacecraft by stainless steel cables, of very small diameter, with the 
attachments to the chamber structure further isolated by Teflon® washers. For the cases 
where the spacecraft mass is too high, alternative specially supporting devices can be 
designed and built. 
Where there is a need of localised applications of heat inputs or sinks, some 
dedicated devices are commonly constructed and can be positioned and installed close to 
specific spacecraft surfaces. These can be electrically powered surfaces with high 
emissive properties, infrared lamps, electric-powered thermal radiative metallic tubes 
called cal-rods and, for the case of heat sink purposes, cryogenically cooled surfaces with 
the property of high absorptivity to infrared radiation. 
Frequently a great number of temperature sensors, e. g. about 200, is installed on 
the spacecraft and test set-up structure in order to monitor the thermal conditioning of 
each critical component or thermal modelling node. 
Before starting the thermal test itself, the chamber door is closed and cryogenic 
vacuum pumps, cooled by nitrogen and helium circulating systems, are used to take the 
pressure down to the range of 10"6 mbar or lower, in order to closely simulate the space 
environment condition. It its worth mentioning here that, although in the real space flight 
the environmental pressure can be much lower, this usual practice of pressure range 
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simulation is sufficiently satisfactory in terms of virtually eliminating the phenomenon of 
convective heat transfer. In general, at least two types of spacecraft thermal vacuum tests 
are required: 
" Thermal Balance Tests 
9 Thermal Cycling Tests 
For the Thermal Balance Test, the spacecraft is installed inside the vacuum 
chamber with the dedicated apparatus for the localised heat input and heat sink, in order 
to simulate the several orbital phase conditions. This kind of test is generally performed 
on the qualification model of the spacecraft. The main goals for this type of test are: 
- to reproduce all the heat transfer to and from the spacecraft, and among its 
several subsystems and components, during the distinct orbital conditions; 
- to validate the spacecraft mathematical thermal modelling; 
- to confirm the temperature range that will be achieved by all the spacecraft 
subsystems and components, when exposed to the simulated orbital conditions. 
The Thermal Cycling Test is usually performed on the flight model of the 
spacecraft. The main objectives for this test are: 
- to confirm the proper operation of the spacecraft subsystems under the extremes 
conditioning of high and low temperatures and vacuum; 
- to verify the correct workmanship on the assembling and building of the flight 
subsystems and the spacecraft as a whole. 
Now, in most situations concerning the thermal tests of spacecraft, knowing the 
subsystems surfaces temperature might not be satisfactory and sufficient to obtain the 
necessary understanding of their real thermal performance, because the actual (reading) 
temperature can be just representing the end result from all the gains and losses of the 
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heat exchanges involved, sometimes in highly complex and intricate geometrical and 
physical circumstances. 
There are several situations in the spacecraft thermal conditioning where, even 
under acceptable values of surface temperature, strong heat fluxes in terms of radiosity 
and/or irradiation may be taking place in the area, and because of the particular optical 
properties of the surfaces involved, this information definitely will be obscured. 
Non-expected diverged values of heat flux can clearly characterise some kind of 
anomaly in the thermal performance or even in the thermal design of a particular 
subsystem, and this malfunction condition taking place during the pre-flight tests of the 
spacecraft could end-up not being identified by just the use of temperature 
measurements. 
In these very cases, a deep and precise knowledge of the heat fluxes actually 
taking place between the surfaces is indeed fundamental. When these situations occur, 
heat flux sensors, also called radiometers, must be installed at representative locations on 
the spacecraft test set-up, in order to measure this critical heat transfer function. 
Moreover, it is not only in the possibility of detecting thermal conditioning 
anomalies that heat flux must be monitored on the thermal tests of spacecraft. 
For instance, knowing with accuracy the resultant irradiation taking place in every single 
node location of the spacecraft volume, any requirement for changing the layout of the 
subsystems or even the installation of a new hardware device can be thermally analysed 
and designed in a very straightforward way. 
Besides that, the thermal vacuum tests of spacecraft are significantly expensive 
and they also demand a relatively long time for their complete execution, frequently 
more than 10 days, around the clock. Obtaining a fully comprehensive and representative 
set of thermal data is fundamental in terms of feedback of critical information for the 
optimisation of the spacecraft design and construction. 
Considering the evident importance of a good knowledge of the heat fluxes that 
take place in thermally conditioned complex geometries as found on the design and 
building of spacecraft, this work will dedicate a good deal of attention to the proceedings 
of proper and accurate measurement of thermal radiative heat fluxes in a representative 
configuration. 
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2.4- The Search for Faster Yet Practical and Accurate Methods for 
Thermal Modelling, and for Associated Radiative Heat Flux 
Measurement Techniques 
Nowadays, several methods of temperature modelling exist to perform thermal 
analysis on the spacecraft internal and external nodes and surfaces. However, following 
the new requirements for the development and construction of spacecraft that present a 
more functional, geometrical and layout complexity, aerospace engineering is concerned 
in search for more efficient and comprehensive thermal modelling techniques, and one of 
these is the critical analysis of radiative heat fluxes taking place on the several surfaces. 
Considering that an analytical solution for the Equation of Transfer (Eq. 2.42) 
applied to the study of thermal radiation in complex geometries is extremely difficult if 
not impossible to be obtained (Corlett, 1966; Crosby and Schrenker, 1982; Selcuk and 
Kayakol, 1997), the use of numerical methods for the approximation of the solution is a 
very appropriate and convenient way to achieve satisfactory results. These approximating 
techniques have been used for the past few decades with appreciable success, and the 
most widely applied numerical algorithms for the analysis of thermal radiative heat 
transfer are based on the classical Discrete Transfer (Lockwood and Shah, 1981; 
Malalasekera and James, 1996; Coelho and Carvalho, 1997) and Monte Carlo (Corlett, 
1966; Modest, 1993; Henson and Malalasekera, 1997) methods. 
In spite of this, another method was proposed in 1960 by Chandrasekhar (1960), 
in a work applied to the analysis of thermal radiation in stellar environments. It had its 
first application in the work related to the neutrons transport theory, in a multi- 
dimensional form, developed by Lee (1962), Lathrop (1966-1969) and by Carlson and 
Lathrop (1968), but just after that it did not receive sufficient attention from the 
researchers in the field of heat transfer. 
However, more recently through the optimisation works developed by Hyde and 
Truelove (1977), Truelove (1987,1988), Selcuk (1988), Jamaluddin et al (1988a-1992), 
Fiveland et al (1984-1995b), Sanchez and Smith (1992), Siegel and Howell (1992), 
Wakil and Sacadura (1992), Adams and Smith (1992,1993), Modest (1993), Chai et al 
(1993a-1993d), Kock et al (1995), Thurgood et al (1995), Liu et al (1996), Sakami et al 
(1996,1998), Selcuk and Kayakol (1997), Charette et al (1998) (several of these works 
being applied to the analysis of thermal radiation in the interior of furnaces), 
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this relatively new method called Method of Discrete Ordinates started to become more 
and more popular. According to these authors, excellent results were produced in many 
applications. 
The Discrete Ordinates Method (DOM) is based on a discrete representation of 
the directional variation of the thermal radiation intensity, in such a way that it 
transforms the Equation of Transfer into a set of partial differential equations which, by 
its turn, represent discrete directions in the total solid angle of 4n. 
In other words, the method is basically a finite differentiation of the directional 
dependence of the Equation of Transfer and, whenever justified, it can also be carried out 
in different degrees in order to get better approximations. 
The Discrete Ordinates Method is a very well suitable method in its application to 
the analysis of radiative transfer in complex geometries, and it does not require enormous 
amount of input data as the Monte Carlo method does, for instance. It is a current method 
that has proved to be an excellent tool applicable to the analysis of thermal radiation 
inside furnaces, similar conditions to the configuration found on space simulation 
chambers, as in our case. Recent results obtained by researchers such as Fiveland (1988), 
Sakami et al (1988), Selcuk and Kayakol (1997), also presented a fairly good 
approximation and accuracy when compared to exact solutions. 
Considering the strong indication of the potential of the Discrete Ordinates 
Method in the direction of analysing radiative heat transfer in complex geometries, it was 
decided to explore the versatility and further capabilities of this method, as one of the 
basic foundations of this research program. 
CHAPTER 3 
The Discrete Ordinates Method 
3.1 - Development of the Method 
The analysis of thermal radiative heat transfer for an enclosure containing a 
participating medium is based on the solution of the Equation of Transfer, which is a 
balance equation for the energy of radiation intensity passing in a specific direction 
through a small element of volume contained in the medium, maintained in local 
thermodynamic equilibrium. 
In a typical example of an enclosure holding generic properties on its internal 
surfaces and in the intervening medium, the radiation intensity analysed at a particular 
point is a function of its position and also the direction of propagation of the radiation. 
The Equation of Transfer, when applied to an absorbing, emitting and 
anisotropically scattering medium, and considered for a grey circumstance, can be 
represented in the form (Modest, 1993): 
dl 
= "s"OI(r, "s) = K(r)Ib(r) - ß(r)I(r, "s) + 
6s(r) f I(r, sss)dSZ' (3.1) ds 4Tt 4n 
where the left hand side of the equation represents the gradient of radiative intensity in 
the specified direction, and on the right hand side the first term is related to the gain by 
emission, the second term represents the loss of energy by absorption and out-scattering, 
and the third term is the integral part of the equation that concerns the probability of the 
gain function by the in-scattered intensity of radiation. 
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Considering this enclosure as retaining opaque, gray and diffusely emitting and 
reflecting properties on its internal walls, the governing Equation 3.1 may be subjected to 
the radiative boundary conditions: 
I(rW, ") = E(rW)Ib(rW) + 
P(rW) I(rW, "s')ln'SldSZ' (3.2) 
7t Jas<o 
which expresses the surface outgoing intensity of radiation along the ordinates, 
considered as a sum of the emitted intensity as a consequence of the temperature of the 
boundary surface, and the reflected portion of the incoming radiative intensity. In this 
equation, E and p are respectively the diffuse surface emissivity and surface reflectivity. 
Equation 3.2 also shows that, for the reflected intensities, the hemispherical flux 
incident is calculated by integrating all the direction cosine-weighted radiative intensities 
arriving at the surface. 
In using the Discrete Ordinates Method, the physical enclosure under study is 
considered as the computational domain, which is then appropriately divided in many 
relatively small control volumes, or cells, as shown in Figure 3.1. 
Y m 
direction i 
ý ý 
2i1 
4i3 
i 
Control Volume, or Cell, (i = 2, j= 1) 
ý x 
Figure 3.1 - Division of the computational domain, represented in 2-Dimensional 
rectangular coordinates 
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Equation 3.1 is then applied to the control volumes and is solved for a set 
of n discrete and distinct directions (i = 1,2,..., n), and the integrals that represent the 
angular functions are approximated by numerical quadrature in the form: 
Ixf(S)dn 
i-1 
(3.3) 
where f is a function of the intensity of radiation and w, are the quadrature weights 
associated with the discrete directions s, . These quadrature weights will represent areas 
on the unit sphere around a cell-centred point P, and their sum must be considered over 
all the discretised directions with the aim of composing the solid angle of 4n, or 
Ew1 = 47E (3.4) 
In other words, the Discrete Ordinates Method solves the integro-differential 
equation of radiative transfer in a number of discrete angular directions, spanning the 
total solid angle of 471 steradian. 
Following this proposition of discretisation, the Equation of Transfer can then be 
approximated by a set of n equations in the form: 
s", "DI(r, s"r) = K(r)Ie(r) - ß(r)I(r, "sj) + a'(r)Ecoi I(r, "sj)(D(r, s",, sj) (3.5) 4n f., 
i=1,2,..., n 
which can be associated to the discretised arrangement of the boundary conditions 
I(rW, "s, ) = e(rW)Ib(rW)+ 
P(rW) ýwýl(rW, sý)In"sil 
n a.., <o 
for fi. i, >0. 
(3.6) 
These equations constitute a set of n linear partial differential equations, 
simultaneous and of first order, related to each unknown function I, (r). 
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In the majority of the problems (mainly with the presence of scattering) the 
solution will be approximated by using iterative techniques, once the boundary 
conditions and the in-scattering source term depend on the incoming intensity. Only for 
the situations where no scattering is present and the medium temperature is known, can 
the solution be found in a more straightforward way (Modest, 1993). 
Calculating the values of intensity of radiation, it is possible to obtain the 
desirable quantities of incident radiation, G(r), and heat flux, q(r), respectively in the 
interior of the medium and at the enclosure internal surfaces, from the forms: 
n 
G(r) = 
In I(r, s)d Q= co, II i (r) (3.7) 
i=1 
q(r) - 
faa I(r, "s) s dSZ = Zw; I; (r) s; (3.8) 
i_, 
During the iterative process, the values of incident radiation and heat flux are 
estimated. In the sequence, new values for the intensity of radiation are calculated and 
are then utilised for the updating of the next values of incident radiation and heat flux and 
so on, up to when the desired convergence condition is obtained. Considering that 
intensities along the ordinates with positive and negative directions must be found, the 
solution should be obtained through an even number of simultaneous equations, for each 
control volume considered. In the literature, the Discrete Ordinates Method is commonly 
referred as the SN approximation (Jamaluddin and Smith, 1988; Fiveland, 1991a; Modest, 
1993). In this denomination, the subscript N identifies the order of solution of the 
method, and the order of solution by its turn is related to the necessary number of the 
discrete ordinates, and N distinct values of direction cosines are needed to represent these 
ordinates. As an example, for a 3-Dimensional problem, each octant of the unit sphere 
formed by the solid angles around a cell-centred point P must contain a quantity of 
N+ 
(N 1) + (N 2) +... +1 = 
N(N+2) 
2228 
(3.9) 
correspondent points of quadrature, or more specifically, ordinates. 
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In this way, for a 3-Dimensional problem, the formulation S4 for the Discrete 
Ordinates Method will need a total quantity of n= 4(4+2) = 24 simultaneous equations. 
In general, for a problem proposed in D-dimension, where D=1,2,3, the number of 
simultaneous equations must be (Carlson and Lathrop, 1968) 
2°N(N+2) 
8 
(3.10) 
For the required set of discrete directions, each ordinate has its geometrical 
interpretation in terms of the variables ý j, Tj; and µ; , the direction cosines of s; , in the 
form: 
AAAAAAAAA 
Si = (As; "i)i + (s1 " j) j+ (As1 "k)k = 
ý1l +1l1 j +µ1k (3.11) 
For illustration purposes, Figure 3.2 represents a discrete direction located in the 
first octant of the unit sphere, where 4, il and µ all have positive values, with the origin 
of the directional vector visualised by point P which is positioned in the centre of this 
imaginary unit sphere. 
Figure 3.2 - Illustration of the ordinate direction in Cartesian coordinates 
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When the circumstance of radiative equilibrium prevails, i. e. in the steady state 
condition where every single element is emitting radiation at the same rate as it absorbs, 
and with no energy transfer by conduction and/or convection, the temperature of the 
medium for each one of the cells can be obtained through the equation 
It, =4nG+Q (3.12) 
where G is the incident radiation, due to all intensities impinging on point P from all 
sides, and 6 represents the internal source of heat generation. 
Considering that the approach of the radiative heat transfer by the Discrete 
Ordinates Method actually reduces the natural angular continuous variation of the 
radiative flux to a discretised form, the solution generally produces a kind of distorted 
heat flux distribution, which is physically unrealistic. This phenomenon is called the 
Ray Effect. It is inherent to this method of approximation, has its contribution to the 
sources of error, and it can not be completely eliminated but just minimised (Lathrop, 
1968; Chai et al, 1993). 
3.1.1 - Three-dimensional solutions in Cartesian coordinates 
For this research work, the analysis of the radiative heat transfer was performed 
using the Cartesian coordinates, in order to suit the correlation to the rectangular shape as 
defined for the building of the experimental set-up. 
In this way, following a Cartesian coordinates configuration, Equation 3.5 can be 
expressed in the form (Fiveland and Jamaluddin, 1991b; Adams and Smith, 1993): 
n 
ýr 
alr 
+ týr 
a1r 
+ µr 
a1r 
+ Rli - xlb + 
ß, I wjI º(Dii V. % ay az 4ný 1== 
(3.13) 
i= 1,2, .., n 
Chapter 3. Discrete Ordinates Method 47 
and subjected again to the boundary conditions along each enclosure internal surface, as 
referred to in Equation 3.2, with the integral function substituted by a discretised 
summing of the oncoming intensity of radiation. For a cell surface parallel to the 
y-z plane for instance, there will be n/2 boundary conditions associated with all directions 
where 41>0: 
Ir = sW IbW +1-sW wI 
7c L<o 
(3.14) 
For the Discrete Ordinates approximation, a control volume V from the 
computational domain is assigned, where the finite-difference form of Equation 3.13 can 
be derived and integrated over its six faces in such a way that, for the x-direction for 
instance, one can have 
jý äx' dV = ýý II 
dAXE 
- 
ýý 
II dAXR = IM AXE - IXRI AXR (3.15) 
where IXEj and IXRI are local average values of radiant intensity and AXE and AXR are the 
areas, on the two faces of the volume element, in this particular case perpendicular to the 
x-direction (see Figure 3.3). Following this integration approach, Equation 3.13 can then 
be expressed in the form: 
41 (AxE IxE, -AxR IxR, ) + 
"1, 
(AYE IYE, 
-AYR 
IYR, ) + 
µ, (AzE IzE, -AzR IzR, ) =- VßIP, + VßSo, 
where 
n 
SP, 16+ 
nI: 
O)fIJ(D i. I 
J=1 
is known as the radiative source term, and 
(3.16) 
W 
a+K 
is the single scattering albedo, as introduced in Section 2.1.7. 
Chapter 3. Discrete Ordinates Method 48 
In Equation 3.16, if we begin the analysis of radiative intensity in a corner of the 
3-Dimensional enclosure, let's say where x=y=z=0 for instance, from the boundary 
conditions we can have an estimation of the radiation intensity for three of the volume 
element surfaces, or cell faces, because they are coincident with the enclosure internal 
real surfaces. However, we still need information related to the remaining three surfaces 
of the control volume in order to obtain a more precise evaluation of the average intensity 
at its cell-centre location. 
This can be accomplished by making use of an approximating technique referred 
as the linear weighting differencing scheme, which relates the cell-face intensities to the 
cell-centre intensity, I,, . This practice of approximation can 
be expressed as 
Ipi =Y IXE + (1'Y) IXR =Y IYE + (1 -Y) 
IYR =Y IZE + (1-Y) IZR (3.17) 
where y is a constant value known as the finite-difference weighting factor. 
Applying this finite-difference weighting approximation to Equation 3.16 it can 
be found that an estimation of the cell-centre averaged radiative intensity for the control 
volume, Ipj, is giving by (Modest, 1993): 
R VYSPi + Iýi 
IAXR IXRi + ITIi IAYR IYRi + Iµi IAzR IzRi 
T- . 
pi - 
F'vI 
+IýiIAXR+ ITIiIAYR +IgiIAZR 
(3.18) 
In essence, Equation 3.18 weight-averages the contributions of radiative intensity 
from the surrounding faces of the volume element as well as from its own internal 
intensity of radiation. 
Now, with this just obtained value of cell-centre averaged radiative intensity, Je:, 
Equation 3.17 can be re-arranged in order to actually provide the values of radiative 
intensity for the three remaining faces of the control-volume, in the form 
IXE _ (Ipi-(I-'Y)IXR)/Y 
IYE _(Ipi- (1 -Y) IYR) /Y 
IZE _ (Ip, - (I -Y) IZR) /Y 
(3.19) 
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In the sequence, these just estimated three values of cell-face intensities by their 
turn can be considered now as the known three face intensities for the downstream 
adjacent cells, as can be seen in Figure 3.3, here presented only for the x-direction for 
simplicity and clarity: 
/I /_' 
Cell (i, j, k) ---º ý-- 
'XE for Cell (i, j, k) -: > 'XR for Cell (i + 1, j, k) 
Z 
1,7> 
x 
Cell (i + 1, j, k) 
Figure 3.3 - Common face on the process of downstreaming the cell intensity 
The value of the finite-difference weighting factor can vary from 0.5 to 1.0 and, 
as the name suggests, it has the computational ability of balancing the contribution from 
the upstream face radiative intensity and the cell-centre averaged radiative intensity, 
to the estimation of the downstream face radiative intensity. 
When y=0.5, it is frequently called 'weighted diamond dferencing', and it is 
obvious to see that in this circumstance it produces the highest contribution from the 
upstream face radiative intensity to the estimation of the downstream face radiative 
intensity. 
When y=1.0, it is then called the 'step scheme' and will ensure that the 
downstream face radiative intensity will be considered as an equal value of the cell- 
centre radiative intensity, in this case ignoring any weighting contribution from the 
upstream face intensity. 
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During the application of the Discrete Ordinates Method, this kind of propagation 
procedure is systematically performed in order to estimate the intensity of radiation in all 
cells (or volume elements) faces, of the computational domain. 
Scanning all the ordinate directions will allow the opportunity of contribution 
from all the surfaces of the enclosure, in terms of input of radiosity. For instance, when 
the computation undergoes through the discrete direction opposite to that previously 
presented as having the starting point where x=y=z=0, the three enclosure surfaces 
that will supply the input of cell-face radiosities are exactly the symmetrically opposite 
ones. 
As an example, Figure 3.4 shows that, for the ordinate directions 1,2 and 3, 
having only positive values for the direction cosines, the enclosure surfaces A (x = 0), 
B (y = 0) and C (z = 0) will supply the contribution in terms of radiosity input on the 
propagating procedure for the calculation of the cell-centre intensities of the whole 
computational domain. The calculation starts by assuming that the enclosure surfaces are 
black. During this calculation process, the estimated contribution from the remaining 
three surfaces of the volume elements will be obtained by using Equation 3.19. 
When all cells belonging to the computational domain are effectively visited by 
accessing the complete set of the discrete ordinates directions, the control volumes 
averaged intensities and enclosure surfaces radiosities are up-dated and are then used for 
the next iteration procedure and so on, up to a point when the difference between the last 
obtained value of the control-volume average intensity to its previous calculated value is 
lower than a pre-set error limit. 
As already mentioned, having the converged values of surface and cell-centre 
intensities, the desired functions such as heat flux and temperature can be calculated in a 
straightforward way. 
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z 
x 
Figure 3.4 - Example for the participation of the enclosure walls on the input 
of radiosities for those specific ordinate directions 
In the employment of the finite-difference weighting factor on the approximation 
process of the Discrete Ordinates Method, it was observed in the literature that it can 
produce significant effects on the accuracy of the results (Lathrop, 1969, Fiveland, 1988, 
Chai et al, 1993b, Liu et al, 1996), and this will also be considered and addressed during 
the theoretical analysis to be developed and presented in the next chapters. 
_ 
Now, considering the laboratory measurements to be carried out under the 
extension of this research program, it will be very suitable and appropriate to analyse the 
behaviour of this phenomenon during the comparison process of the computational 
predicted results to the measured experimental data. 
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3.1.2 - The choice for the quadrature scheme 
As previously stated, quadrature schemes are required for the approximation 
proceedings of the angular integrals. This implies that the accuracy of the results 
produced by the Discrete Ordinates Method depends on the choice of the angular 
quadrature scheme. 
In general terms, the selection of the angular quadrature is arbitrary although 
some restrictions on the directions and weights arise from the need to preserve 
symmetries and possible invariance properties of the physical domain (Hyde and 
Truelove, 1977; Wakil and Sacadura, 1992; Selcuk and Kayakol, 1997). 
In the past few decades, a good deal of work was devoted by the research 
community in the direction of finding the appropriate set of ordinates and weights that 
could produce the most accurate results. 
Nevertheless, at present it seems that the optimum set of ordinates and associated 
quadrature weights has not yet been achieved and presented, and this can be considered 
as an open door for future work on the theoretical grounds related to the Method of 
Discrete Ordinates. 
Different sets of ordinates and respective weights have been proposed by 
researchers such as Chandrasekhar (1960), Lee (1962), Lathrop and Carlson (1965), 
Fiveland (1991c), Wakil and Sacadura (1992), Koch et al (1995), Thurgood et al (1995). 
In general, each one of these works brings some kind of clarification or even some 
improvement in the direction of getting a better set of ordinates, but it was also found that 
the extension of the quadrature scheme to multi-dimensional geometries is not always 
straightforward (Selruk and Kayakol, 1997). 
A widely used approach for the quadrature set applied to DOM is the one 
proposed in 1965 by Lathrop and Carlson, which includes the S2. S4, S61 S89 S12 and S16 
orders of approximations. In their work, the authors state that it is very convenient for the 
set to preserve computational invariance under geometrical transformations, i. e. a 
physical symmetry which guarantees that after a 90° rotation about a particular axis, the 
flux representation coordinate remains the same. 
Fiveland proposed in 1991 a similar level symmetric quadrature scheme, but in 
his case supported by an equal-weighted formulation. 
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Thurgood et al (1995) developed a set of ordinates presenting a different 
arrangement for the direction, also with a level symmetry, and they claim that their 
philosophy for the quadrature set can provide a finer angular resolution, minimising the 
phenomenon of the Ray Effect. 
During the development of the 3-Dimensional numerical modelling for this work, 
essentially based on the Discrete Ordinates Method, the several orders of the 
SN approximation were used, from the study developed in 1965 by Lathrop and Carlson. 
For the final and critical phase of this research program where the experimental 
data is submitted to a comparison with the theoretical predictions, it was decided to use 
the S16 formulation of quadrature set initially developed by Lathrop and Carlson (1965) 
and also presented by Hsu and Howell (1992), and later on successfully used by Henson 
and Malalasekera (1997). 
This particular set of ordinates and respective weights proved to be very 
applicable and was recommended for the higher grades of thermo-geometrical 
complexity, a situation similar to that in the later modelling processes of this research 
work. 
In Chapter 6, a comparison of some computing numerical solutions with 
experimental results is presented, where the performance of this method, applied to more 
complex 3-Dimensional geometries, can be analysed when lower orders of 
approximation are attempted to be employed. 
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3.2 - Application of the Discrete Ordinates Method in the Analysis 
of Thermal Radiation on Basic 2-D Enclosures 
Before entering the analysis of the Discrete Ordinates Method into 2-D and 
3-D environments, it is convenient and appropriate to clarify some adopted 
considerations in this work, for the intervening medium on the physical enclosure. 
Considering that in the real situation of analysis of thermal radiation in the 
interior of a spacecraft geometry, there is virtually no participating medium, then in this 
work the phenomenon of scattering will be disregarded. This assumption is justified 
since the scattering effects on gases generally need some kind of suspended particles or 
water droplets, clouds, soot, smoke, dust, fly ash particles, etc, all conditions and 
situations not expected to be found inside of a flying spacecraft. 
However, the analytical presence of a medium that can retain absorbing and 
emitting properties will still be considered, as an intrinsic feature when the Discrete 
Ordinates Method is used to approximate the solution of the Equation of Transfer in a 
participating medium. For the situations where no participating medium conditions are 
expected to be found, the absorption coefficient on the equations will just be considered 
as relatively very small. This approach will guarantee that this approximating method can 
still be successfully applied in non-participating media, which will also include vacuum 
conditions for instance. 
This is easy to see, considering that the Discrete Ordinates Method is based on a 
flux-type philosophy and is naturally strongly supported by the thermal radiative 
participation of the enclosure and other object surfaces. 
In order to verify the overall performance of the Discrete Ordinates Method, the 
computational evolution of this research program starts with a fairly basic Fortran 
computer code which can be easily handled and executed using personal computers. 
Initially, it is limited to the analysis of thermal radiation in simple 2-Dimensional 
rectangular enclosures and is applied firstly to a few but relevant problems and test cases 
taken from published literature. These first exercises in the analysis of thermal radiation 
by the Discrete Ordinates approximation clearly show the satisfactory performance 
obtained. 
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3.2.1 - The analysis for 2-Dimensional problems 
For the analysis of 2-D problems, we may take Equation 3.13 with the condition 
ar 
= az 
and, considering no occurrence of the scattering phenomenon, the equation then reduces 
to: 
ý' axj +'l' äl, +_ -x1; + xlb 
y 
i=1,2,..., n 
(3.20) 
Equation 3.20 must satisfy the boundary conditions along each surface and, in the 
positive direction of the x-axis for instance, we have that: 
1- EW K Ii = EW IbW + zwi Ii l bJl 
7t ý1<o 
(3.21) 
For this case, only positive values of It are considered and the values of the 
quadrature weights w must be multiplied by 2 in order to accommodate the reduction 
from 3- to 2-Dimensional geometry. 
A generic scheme for the analysis of a volume element for this basic 2-D problem 
is presented in Figure 3.5 (Modest, 1993). 
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Figure 3.5 - Schematic representation of direction ordinate in the 2-D control volume 
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These control volume areas may be considered as AN, As, AE and AW, 
representing north, south, east and west respectively. If we regard the dimension of this 
volume element as equal to unity in the z-direction, then it may be described as 
V= Ox. Dy, where Ox = AN = AS 
and Ay = AE = AW 
In order to perform the radiative transfer analysis in this finite-volume element, 
we can take Equation 3.15, which leads to the finite-difference form: 
ý a' dV = 1a 
Ir dAE - 1a I, dAw = IEi AE - IM Aw ý ax ew 
and 
Jv 
ýIr 
dV = 1aN I, dAN - 1ý$ IldAs = 'Ni AN - Is1 As y 
(3.22) 
(3.23) 
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where IE;, IWj, 'Ni and 'Si are average values of the intensity I; on the face areas AE, AW, 
AN and As respectively. This turns Equation 3.20 into: 
4i(AEIEi 
-AwIwi)+Ili (ANIN; -As lsj)=-K 
VIp; +K VIb (3.24) 
where Ip; is the cell-centre average intensity and Ib is the medium local blackbody 
intensity, in the volume element considered. 
The procedure proposed by Modest (1993) for the solution of the problem 
through the Discrete Ordinates Method begins with the estimation of the radiosity Jw for 
each one of the surfaces, at first assumed as black. 
In the next step, the first volume element (the one that represents the minimum 
values of i andj) which is positioned in the left lower corner as indicated in Figure 3.6, 
is chosen as the starting point for the calculation of the intensity of radiation in all the 
control volumes of the computational domain. 
Figure 3.6 - Corner positioned control volume used as the starting point for the 
DOM sequential calculation 
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In this particular element, we can see that its faces W and S are coincident with 
the enclosure internal surface, which means that, from the boundary conditions, their 
respective intensity of radiation IWi and 'Si can be promptly estimated. 
In the sequence, the number of unknowns in Equation 3.24 can then be reduced 
by making use of the finite-difference weighting factor, y, through the relation: 
Ip; =Y IEr +(l- Y) Iwi = YIN! +(l- Y) Isr (3.25) 
where, again, y is a constant having a value which can be specified as being in the range 
0.5 
Applying the approximation proposed by Equation 3.25 into Equation 3.24, the 
internal average intensity Ip; for each control volume can be obtained as: 
I .i= 
KV ySP, + 141 IAw Iwr + ITIr IAs Is, (3.26) 
K Vy + 141 IAw + 1,91 1 As 
Following the sequence presented in Section 3.1, once the intensity Ip; has been 
estimated, the values of IEi and 'Ni can be calculated from Equation 3.25, that in its turn, 
for the next element with new values of i and j, are then respectively considered as Iw, 
and 'Si' and so on. 
In this way, all values of radiative intensity for the volume elements related to the 
first quadrant can be calculated (quadrant no. 1 in Figure 3.1), one by one, for each step 
as presented above. 
This procedure is then repeated for the other 3 quadrants, bearing in mind that the 
direction cosines now can be positive or negative, depending on the quadrant under 
analysis. 
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When all the directional intensities have been calculated for each volume element 
next to the enclosure walls, new values of radiosity are obtained (through Equation 2.20, 
introduced in Section 2.1.3), and the procedure is repeated up to when the desired 
convergence is achieved. 
As a result, the expected values for radiative flux and incident radiation can be 
produced through the equations: 
G(r) _ 
ýn I (r, s)d fl ýýw, I, (r) (3.27) 
i=1 
q(r) _ 
ýý I(r, ") s" dS2 -- 
Jo 
, I, (r) "s, (3.28) 
! =1 
3.2.2 - Case 1: 2-D radiative heat transfer in a simple rectangular 
geometry 
It is worthwhile now to show the development of a very simple problem in two 
dimensions, applying the solution proposed by the Discrete Ordinates Method. This is 
achieved by considering the problem set out by Modest (1993). 
In this particular problem, a square enclosure with side L, containing a grey 
medium with emitting and absorbing but non-scattering properties, is in radiative 
equilibrium and presents an absorption coefficient constant and equal to k= 1/L. The 
upper surface and the two laterals are maintained at a temperature equal to OK, while the 
lower surface has an isothermal temperature of Tw and constant intensity of radiation 
equal to Ibw. All four walls are black. It is desired to calculate the net heat flux taking 
place at the lower surface. 
For the solution of this problem, Modest suggests a simplified nodal model as 
presented in Figure 3.7, where the physical environment is divided into four control 
volumes, each one holding its own specifications of north, south, west and east faces 
(Nk, Sk. Wk and Ek ). 
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For the angular quadrature, the direction cosine values and their respective 
weights, Modest proposed using the ones developed by Carlson and Lathrop (1965). 
Table 3.1 presents this quadrature data, also including the values related to the z-axis for 
the case of a 3-Dimensional geometry. 
ORDER 
COORDINATES WEIGHTS 
OF 
APPROX. µ co 
S2 0.5000000 0.5000000 0.7071068 1.5707963 
S4 0.2958759 0.2958759 0.9082483 
0.2958759 0.9082483 0.2958759 0.5235987 
0.9082483 0.2958759 0.2958759 
S6 0.1838670 0.1838670 0.9656013 0.1609517 
0.1838670 0.6950514 0.6950514 0.3626469 
0.1838670 0.9656013 0.1838670 0.1609517 
0.6950514 0.1838670 0.6950514 0.3626469 
0.6950514 0.6950514 0.1838670 0.3626469 
0.9656013 0.1838670 0.1838670 0.1609517 
S8 0.1422555 0.1422555 0.9795543 0.1712359 
0.1422555 0.5773503 0.8040087 0.0992284 
0.1422555 0.8040087 0.5773503 0.0992284 
0.1422555 0.9795543 0.1422555 0.1712359 
0.5773503 0.1422555 0.8040087 0.0992284 
0.5773503 0.5773503 0.5773503 0.4617179 
0.5773503 0.8040087 0.1422555 0.0992284 
0.8040087 0.1422555 0.5773503 0.0992284 
0.8040087 0.5773503 0.1422555 0.0992284 
0.9795543 0.1422555 0.1422555 0.1712359 
Table 3.1 - Set of DOM ordinates and associated weights, as proposed by 
Carlson and Lathrop (1965) 
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Figure 3.7 - Square enclosure as suggested by Modest (1993) 
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To solve this problem using the Sz - Approximation method, and recalling that the 
number of the simultaneous equations for the Discrete Ordinates Method is obtained by 
2° N(N+2) 
8 
we then will have 
22 2(2+2) 
8 
ordinates to be considered for this particular case, i. e., just one ordinate per quadrant. 
According to Table 3.1, for the S2 approximation, the direction cosines will be: 
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s, = 4; f +Tlr .1= 
+0.51 +0.5 j 
-0.5i + 0.5 .1 
+0.51-0.5, j 
-0.51-0.5, 
j 
Considering that it is a 2-Dimensional problem, the quadrature weights 
(originally presented in Table 3.1 for the general case of a 3-D situation) must be 
multiplied by 2 and so: 
COJ = 7c 
For the value of the finite-difference weighting factor, Modest suggests utilising 
y=0.5, i. e. the diamond scheme. 
Taking this proposed configuration, the basic version of the Fortran code for the 
Discrete Ordinates Method was then prepared using the specified data of surface 
temperature, absorption coefficient and finite-difference weighting factor and the angular 
quadrature as proposed by Carlson and Lathrop (1965). After execution the results 
obtained were found to be very close to the ones shown in the book from Modest, 
noticing that Modest analysed the radiative heat flux on the bottom surface for the 
averaged values of just the two south control volumes. Figure 3.8 shows both results for 
the 2-Cell, DOM S2 approximation. 
In additional, Modest presented for comparison some results previously obtained 
by Truelove in 1987, relating the same problem and using the same quadrature 
philosophy as proposed by Carlson and Lathrop, but analysed using a higher number of 
control volumes. Also an exact solution previously obtained by Razzaque et al (1983) 
when using a finite-element solution is presented. 
Looking for a similar analogy, our computer code was re-programmed in order to 
produce both kinds of output data for comparison with the prediction of heat flux as 
presented by Modest (1993). The results relating the adoption of a higher number of 
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control volumes (here specified as a mesh of 10 x 10 divisions of the spatial domain) are 
also presented in Figure 3.8. For the comparison with the exact solution situation, the 
DOM S4 approximation was utilised with the finite-difference weighting factor specified 
as y=1.0, and a spatial discretisation of 19 x 19 control volumes. 
1 
r; 
0.9 
X 
LL 
0.8 
ý 
cýv 0.7 
cC 
f0 
CO 0.6 
Cl) .N 
E 
c 0.5 
0 2 
0.4 
---o 
I 
S4 Present Study (19 x 19) 
Q Exact Solution [Razzaque et al, 19831 
Q S2 Present Study (2-Cell) 
x S2 Modest [1993](2-Cell) 
- S2 Present Study (10 x 10) 
p S2 Truelove 0 9871 
I 
0.5 
Nondimensional distance, x/L 
Figure 3.8 - Radiative heat flux along bottom wall for the enclosure as 
illustrated in Figure 3.7, for three distinct approaches 
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For comparison purposes, the values from Modest's book were digitised and are 
also plotted in Figure 3.8. As can be seen, the results obtained in this work are in very 
good agreement when using the S2 approximation for 2 control volumes, the Truelove 
DOM S2 approximation through a higher number of cells, and the exact solutions from 
the work developed by Razzaque et al. Appendix A, Figure A. 1, presents the results from 
Modest. 
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Now, for the Truelove approach in terms of a higher order of spatial 
discretisation, we can go a little further and perform an additional analysis regarding the 
distinct orders of approximation S2, S45 S6 and Sg, maintaining the value of the 
absorption coefficient as x= 11L, where L is the dimension of the side of the square 
enclosure. The numerical code was then executed for this set of Discrete Ordinates 
approximations and the results for this analysis were found to be as shown in Table 3.2: 
DIMENS. OF DOMAIN = 10.000000 10.000000 
NO. DIV. DIRECT. X& Y= 10 10 
ABSORPT. COEFF. OF GAS = . 10000 
dx = 1.000000 
dy = 1.000000 
HEAT FLUX ALONG THE BOTTOM WALL (SOUTH) 
APPROX. = 2 
. 8136 . 7617 . 7438 . 7272 . 7199 . 7199 . 7272 . 7438 . 7617 . 8136 
APPROX. = 4 
. 8537 . 8029 . 7770 . 7610 . 7533 . 7533 . 7610 . 7770 . 8029 . 8537 
APPROX. = 6 
. 8552 . 8059 . 7830 . 7690 . 7642 . 7642 . 7690 . 7830 . 8059 . 8552 
APPROX. = 8 
. 8536 . 8044 . 7827 . 7696 . 7641 . 7641 . 7696 . 7827 . 8044 . 8536 
Table 3.2 - Output data for the DOM S2, S4, S6 and S8 distinct approximations, Case 1 
These data were plotted for comparison and are then presented in Figure 3.9. 
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Figure 3.9 - Results using distinct DOM approximations for the problem as presented 
in Figure 3.7, Case 1 
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In this figure, we can see that the results from the S2 approximation sensibly 
deviate from the DOM approximations at higher orders, S4, S6 and S8. This can be an 
indication that the S2 approximation should be avoided for situations where a better 
accuracy is desired. 
In the same problem configuration, choosing the S4 approximation for instance, 
we can analyse the effect imposed by the variation of the absorption coefficient K in a 
thermal radiative participating medium. The adopted values for K as 0.01,0.1,1.0,5.0 
and 10.0 produced the results as presented in Table 3.3. 
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DIMENS. OF DOMAIN = 10.000000 10.000000 
NO. DIV. DIRECT. X&Y= 10 10 
HEAT FLUX ALONG THE BOTTOM WALL (SOUTH) 
ABSORPT. COEFF. OF GAS = . 01000 
. 9781 . 9727 . 9701 . 9683 . 9671 . 9671 . 9683 . 9701 . 9727 . 9781 
ABSORPT. COEFF. OF GAS = . 10000 
. 8537 . 8029 . 7770 . 7610 . 7533 . 7533 . 7610 . 7770 . 8029 . 
8537 
ABSORPT. COEFF. OF GAS = 1.00000 
. 5722 . 3430 . 2869 . 2440 . 2303 . 2303 . 2440 . 2869 . 3430 . 
5722 
ABSORPT. COEFF. OF GAS = 5.00000 
. 3365 . 0619 . 0872 . 0497 . 0548 . 0548 . 0497 . 0872 . 0619 . 
3365 
ABSORPT. COEFF. OF GAS = 10.00000 
. 2401 . 0032 . 0602 . 0182 . 0306 . 0306 . 0182 . 0602 . 0032 . 2401 
Table 3.3 - Output data for distinct values of medium absorption coefficient, Case 1 
For this particular kind of analysis, the resultant number of iterations for each 
distinct value of absorption coefficient, considering an adopted limit of less or equal to 
10"5 for the difference between two subsequently calculated cell-centre intensities, was 
found to be: 
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ABSORPTION COEFF. K NO. OF ITERATIONS REQUIRED (S4) 
0.01 6 
0.1 15 
1.0 159 
5.0 1837 
10.0 5028 
Table 3.4 - Required number of iterations as a function of x 
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The data collected are displayed graphically for a better visual comparison in 
Figure 3.10. 
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What can be seen in this Figure is that, for an absorption coefficient of 0.01 or 
smaller, over 96% of the radiation can be transmitted through the medium. For values of 
absorption coefficient of 5.0 or greater, virtually less than 10% of the thermal radiation in 
the central region of the surface is transmitted for this particular case. The meaning of 
these results confirms the real physical phenomenon and gives additional support to the 
future of this thermal modelling approach. 
3.2.3 - Case 2: 2-D radiation problem considered by Fiveland (1984) 
The next test problem for this 2-D thermal radiation analysis using the Discrete 
Ordinates Method refers to a case studied in 1984 by Fiveland. It comprises a square- 
shaped enclosure having black walls maintained at OK with a purely absorbing 
intervening medium producing an emissive power equal to unity. 
Three situations are analysed for this example where the medium absorption 
coefficient is specified as x=0.1,1.0 and 10.0. 
The spatial domain of the square 2-D enclosure is divided into 20 cells in both the 
x- and y-directions. Fiveland chose this physical geometry and thermal circumstances 
because an exact solution is available. This solution will be additionally presented 
graphically. 
Fiveland executed his numerical analysis by using the S2, S4 and S6 discrete 
ordinates approximations, looking for a comparison of the distinct results. In this way, 
the numerical modelling from this work was also prepared with the same thermo- 
geometrical conditions. It was executed for the three distinct situations and the results 
obtained are first displayed in Table 3.5 and then graphically in Figures 3.11,3.12 and 
3.13, together with some data digitised from the plots presented by Fiveland. The original 
curves presented by the author for this particular problem can be seen in Appendix A, 
Figure A. 2. 
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x=0.1 x=1.0 x=10.0 
x/L 
S2 S4 S6 S2 S4 S6 S2 S4 S6 
0.05 0.0868 0.0731 0.0722 0.4517 0.4078 0.4216 0.7121 0.7511 0.7611 
0.1 0.0895 0.0793 0.0802 0.4923 0.4670 0.4881 0.8866 0.9216 0.9204 
0.15 0.0917 0.0853 0.0874 0.5270 0.5164 0.5385 0.9553 0.9680 0.9610 
0.2 0.0934 0.0908 0.0933 0.5562 0.5571 0.5748 0.9824 0.9841 0.9799 
0.25 0.0947 0.0956 0.0975 0.5802 0.5894 0.5989 0.9931 0.9912 0.9895 
0.3 0.0956 0.0995 0.1001 0.5993 0.6134 0.6136 0.9973 0.9949 0.9945 
0.35 0.0962 0.1022 0.1014 0.6138 0.6296 0.6219 0.9989 0.9970 0.9970 
0.4 0.0966 0.1038 0.1019 0.6240 0.6392 0.6264 0.9996 0.9981 0.9983 
0.45 0.0968 0.1046 0.1021 0.6300 0.6440 0.6286 0.9998 0.9986 0.9989 
0.5 0.0968 0.1048 0.1021 0.6320 0.6454 0.6293 0.9999 0.9988 0.9991 
0.55 0.0968 0.1046 0.1021 0.6300 0.6440 0.6286 0.9998 0.9986 0.9989 
0.6 0.0966 0.1038 0.1019 0.6240 0.6392 0.6264 0.9996 0.9981 0.9983 
0.65 0.0962 0.1022 0.1014 0.6138 0.6296 0.6219 0.9989 0.9970 0.9970 
0.7 0.0956 0.0995 0.1001 0.5993 0.6134 0.6136 0.9973 0.9949 0.9945 
0.75 0.0947 0.0956 0.0975 0.5802 0.5894 0.5989 0.9931 0.9912 0.9895 
0.8 0.0934 0.0908 0.0933 0.5562 0.5571 0.5748 0.9824 0.9841 0.9799 
0.85 0.0917 0.0853 0.0874 0.5270 0.5164 0.5385 0.9553 0.9680 0.9610 
0.9 0.0895 0.0793 0.0802 0.4923 0.4670 0.4881 0.8866 0.9216 0.9204 
0.95 0.0868 0.0731 0.0722 0.4517 0.4078 0.4216 0.7121 0.7511 0.7611 
Table 3.5 - Output data of wall heat flux for distinct values of absorption 
coefficient and DOM approximation, for a Fiveland (1984) test case 
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Figure 3.11 - Results of wall heat flux for distinct DOM approximation, for absorption 
coefficient x=0.1, as per Fiveland work (1984) 
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Figure 3.12 - Results of wall heat flux for distinct DOM approximation, for absorption 
coefficient x=1.0, as per Fiveland work (1984) 
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Figure 3.13 - Results of wall heat flux for distinct DOM approximation, for absorption 
coefficient x= 10.0, as per Fiveland work (1984) 
The comparisons show that the results produced by the S2 approximation present 
a more distinctive difference mainly in the highly participating medium probably because 
of the choice of the quadrature scheme, which can be more sensitive for lower 
approximation orders. For the higher orders of DOM approximation, the results presented 
by the computer code from this work are satisfactorily close to those presented by 
Fiveland. 
There is also something very interesting to note in this particular test case. In 
contrast to what was found in the problem analysed in Section 3.2.2, in this case the 
higher the specification of the absorption coefficient, the larger the value of radiative heat 
flux taking place on the enclosure wall. The reason for this is the assignment of a value 
of unity for the emissive power for the intervening medium. This confirms that the higher 
the value of the medium absorption coefficient, the more thermal radiative energy is 
transmitted from the medium itself to the enclosure colder walls. 
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3.2.4 - Case 3: Benchmark with 2-Dimensional Discrete Transfer method 
At this stage of the work, we found that it would be interesting and convenient to 
benchmark some results produced by this Discrete Ordinates Method numerical 
modelling with data obtained by a different approach to radiative thermal analysis. 
Coelho and Carvalho developed a study of thermal radiation in a 2-Dimensional 
enclosure containing an absorbing and emitting medium, in a work published in 1997. 
The results from this can be used to verify the approximation performance of our 
Discrete-Ordinates-based, 2-Dimensional computer model. 
The problem's physical situation is depicted in Figure 3.14 and comprises a 
rectangular enclosure with black walls and containing a medium in radiative equilibrium. 
For the enclosure correspondent dimensions, the authors specified a relative proportion 
of a= 5b. The enclosure walls are kept at a temperature of OK except for the top one that 
is warm and has an emissive power equal to unity, while the medium optical thickness in 
the b direction is specified as xb = 1. 
x 
Figure 3.14 - Geometry for test case related to the Method of Discrete Transfer 
Adopting a division of the spatial domain of 20 x 10 cells and an angular 
discretisation of four areas per octant, Coelho and Carvalho used the Discrete Transfer 
Method (DTM) to approximate the solution of the problem and obtained the results of 
radiative heat flux on the enclosure side walls as presented in Appendix A, Figure A. 3. 
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To get the pertinent data in order to compare both sets of results, the basic 
Discrete Ordinates Method computer program was used with the same thermo- 
geometrical conditions and adopting a S4 approximation which produces an angular 
discretisation of three areas per octant, the closest to the four-areas-per-octant DTM 
scheme as specified by Coelho and Carvalho. The DOM approximation resulting data is 
firstly presented in Table 3.6 and then plotted in Figures 3.15 and 3.16, together with 
data obtained from those plots presented by Coelho and Carvalho. 
y/b or x/a Side Wall Bottom Wall 
0.05 0.66871 0.54944 
0.15 0.59145 0.54886 
0.25 0.52517 0.54736 
0.35 0.46703 0.54419 
0.45 0.41466 0.53895 
0.55 0.36645 0.53022 
0.65 0.32126 0.51683 
0.75 0.27829 0.50143 
0.85 0.23709 0.45249 
0.95 0.19762 0.32192 
Table 3.6 - Output data produced by the method of Discrete Ordinates, to 
compare with the results obtained by Coelho and Carvalho (1997) 
To execute this computational calculation on a PC 233MHz / 48Mb, this 
computer code needed less than 1 second of CPU processing time. 
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Figure 3.15 - Comparison of results produced by this research work (DOM) and by 
the Discrete Transfer Method (Coelho and Carvalho, 1997), in 2-D 
geometry, side wall 
As can be seen in Figures 3.15 and 3.16, the predicted values of radiative heat 
flux on both the bottom and side walls using the Discrete Ordinates Method, are found to 
virtually coincide with the ones obtained through the Discrete Transfer Method presented 
by Coelho and Carvalho. 
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XIR 
Figure 3.16 - Comparison of results produced by this research work (DOM) and by 
the Discrete Transfer Method (Coelho and Carvalho, 1997), in 2-D 
geometry, bottom wall. 
Performing an overall analysis on all the comparisons obtained from the three test 
cases developed in this preparation phase, it can be seen that the computer code from this 
work is producing satisfactory and accurate results and gives confidence in its ability to 
be extended to the development of the 3-Dimensional approach for complex geometries, 
as originally proposed for this research program. 
The next chapter deals with the extension of this 2-D computer code based on the 
Discrete Ordinates Method, to the 3-Dimensional configuration. This is a first step on the 
way to finally achieving the building of a numerical model in radiative transfer 
incorporating 3-Dimensional complex geometries. 
CHAPTER 4 
Application of the Discrete 
Ordinates Method to 
3-Dimensional Complex 
Geometries 
4.1- Expanding the Analysis of Thermal Radiation by the Discrete 
Ordinates Method into the 3-Dimensional Configuration 
For the development and expansion of the Discrete Ordinates Method numerical 
modelling from 2-Dimensional to 3-Dimensionl geometrical configurations, we have to 
follow basically the same philosophy of approach as presented in Chapter 3, but now 
considering the possibility of variation of the radiative intensity also in the z-axis, such as 
ai $ az 
Further, all six surfaces that constitute the control volume are now expected to 
participate and contribute in terms of radiant energy for the estimation of the cell-centre 
average intensity. For the angular discretisation arrangement required by the method, the 
eight octants of the adopted unit sphere surrounding the cell-centred point P will now 
have their own directions and dedicated quadrature weights in order to physically 
represent the variation of the radiative intensity in the third dimension. 
For the integration of the intensity of radiation over the control volume, now also 
in the z-direction, we additionally have that 
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J 
öI' 
dV I, dAzE - Jý I, dAZR = IzE, AZE - IZR, AzR (4.1) VUZ ZE ZR 
where, following the same philosophy previously explained in Section 3.1, IZEI and IZR; 
are local average values of radiant intensity in the z-direction, and AZE and AZR are the 
areas of the two faces of the volume element, perpendicular to the z-direction. 
For a 3-Dimensional physical enclosure containing an absorbing and emitting but 
non-scattering medium, the Equation of Transfer solved by the Discrete Ordinates 
Method can be presented in Cartesian coordinates in the differential form: 
41 \AxE IxE, -AxR 
IxRr) + 
Tj , (AyE IyE, -Arx IrR, )+ (4.2) 
µj (AzE IzEr -AzR IzRr) = 
VKIpi +VKSp; 
where the radiative source term Sp;, now for the non-scattering situation, will be 
Spi = Ibi 
As previously mentioned, the number of unknowns in Equation 4.2 may be 
reduced by making use of the finite difference weighting factor, y, now considered for the 
3-Dimensional relations: 
Ipi=YIXE+(1-Y)IXR=YIYE+(1-Y)IYR -YIZE+(1-Y)IiR (4.3) 
where again, 0.5: 5 yS1.0. 
This approach will lead to the estimation of the cell-centre radiant intensity, for a 
3-Dimensional configuration without the occurrence of the scattering phenomenon, as: 
I. i = 
xVySpl +& IAXR IXRI + i-nl IAvR IYRI + It, IAzR IzRI (4.4) 
Kvy+Iý, IAxR+ ITtj IAYR +Iµi IAZR 
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4.1.1 - The computational scheme for the 3-Dimensional geometry 
The sequence of computational calculations adopted for this work is, taking each 
discrete ordinate as systematically defined by its direction cosines, to perform the 
estimation of the cell-centre radiative intensity in each one of the cells, starting from the 
corner of the 3-D enclosure which is coincident with the 3 faces of the control volume 
that represent the opposite direction of the propagation of the radiation, for this particular 
calculating direction. 
As mentioned earlier, because the three faces of the starting control volume are 
coincident with the internal surfaces of the enclosure, the calculation procedure uses their 
radiosity as the input contribution for the estimation of all the cells' central intensities in 
the whole physical domain for that particular direction of propagation of radiative 
intensity. 
For example, when the computing calculation takes a discrete direction that is 
represented by three positive values of direction cosines, i. e., ý>0, Ti >0 and µ>0, the 
specific surfaces located near the 3-D enclosure corner where x=y=z=0 will supply 
the input of radiosity as a contribution for the estimation of the cell-centre radiative 
intensities for all the cells in the physical domain, when the calculation is performed for 
that specific direction. 
The sequence of calculation starts by estimating the cell-centre average intensity 
for those cells that hold all values of i where j=k=1 and then repeating the sequence for 
j=2 and k=1 and then for j=3 and k=1 and so on until completion is achieved for all 
the cells for the level where k=1. It then resumes the calculation in the same sequence 
but now for all the cells at k=2. When the algorithm finishes the calculation of radiative 
intensity for the cells located at the maximum value of k, the contribution from those 
three enclosure internal surfaces radiosities, for this iteration step, is terminated. 
This calculation procedure must be performed for all the discrete directions 
prescribed by the SN approximation, spanning the whole angle of 47t steradian of the 
imaginary unit sphere that physically incorporates all directions of the radiative intensity 
taking place inside each control volume, or cell. 
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Following the same philosophy of the basic approach, after each complete 
iteration step, the cells' central intensities and the boundary conditions are up-dated and 
all the intensities are then compared with their previously obtained values. Performing as 
many iterations as necessary, when the difference is found to be less than a pre- 
determined limit error the approximation is then considered as converged and the 
computational calculation stops. The final values of the cells' central intensities and 
boundary surfaces radiosities are then used to calculate some desired quantities such as 
heat flux and temperature, for instance. 
4.1.2 - Implementing the 3-Dimensional approach in the computer 
algorithm 
At this stage of the research program, this algorithm philosophy and execution 
procedure were implemented in the basic 2-Dimensional computer code thereby 
adapting, expanding and transforming it to now being able to perform analysis of thermal 
radiation phenomenon inside real 3-Dimensional rectangular geometries. In order to 
verify the proper applicability and satisfactory performance of this new Discrete- 
Ordinates-based 3-Dimensional computer algorithm, several exercises were developed 
during this research work and two of them are now presented. 
a) Case 4: 3-D radiation problem considered by Jamaluddin and Smith (1988a) 
Jamaluddin and Smith presented in 1988 a study related to the investigation of 
thermal radiation in 3-Dimensional geometries, using the Discrete Ordinates Method 
applied to an enclosure representing a specific furnace at the International Flame 
Research Foundation (IFRF), in the Netherlands. This problem in radiative transfer was 
previously analysed in 1977 by Hyde and Truelove as one of the M3 trial cases, called 
Flame 10, at the IFRF. In this work the furnace was considered as a rectangular enclosure 
with dimensions of 6.0 x 2.0 x 2.0m having specified temperature and optical properties 
(non-black surfaces) on the walls. The medium is composed of a radiatively participating 
gas with absorbing and emitting properties, and its discretised temperature profile, from 
Hyde and Truelove, is reproduced in Figure 4.1. The complementary data for this 
problem are presented in Table 4.1. 
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AL 
X 
1233 1245 1251 1255 1261 1238 1232 1204 1173 
1228 1253 1243 1228 1256 1254 1254 1238 1286 
1266 1256 1286 1311 1334 1397 1481 1418 1163 
0 <y <2i3 
1223 1221 1224 1237 1233 1220 1220 1193 1178 
1213 1218 1203 1188 1193 1193 1193 1354 1770 
1093 1243 1271 1299 1325 1524 1555 1571 1551 
2/3 <y < 4/3 
1205 1224 1226 1227 1219 1220 1220 1198 1181 
1211 1256 1256 1248 1232 1226 1224 1202 1190 
1188 1263 1276 1301 1314 1392 1471 1338 1214 
4/3 <y <2 
z 
Figure 4.1 - Furnace gas temperature profile, measured for IFRF-M3 (Flame 10), as 
presented by Hyde and Truelove (1977) and Jamaluddin and Smith 
(1988a) 
Furnace dimensions 6.0 x 2.0 x 2. Om 
W ll t t d i i i 
Floor T,,, = 320K, EW = 0.86 
a s empera ure an em ss v ty 
Others T,, = 1090K, "=0.70 
Pro ti f th di 
x= 0.2 m'1 
per es o e me um 
Tg = measured (see Figure 4.1) 
Table 4.1 - Dimensional and thermo-optical data for the 3-D furnace as presented by 
Hyde and Truelove (1977) and Jamaluddin and Smith (1988a). 
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For the solution of this particular problem, Jamaluddin and Smith used the 
Discrete Ordinates approximations of S2, S4, S6 and Sg, with a spatial discretisation of the 
physical domain into 18 x6x6 control volumes. 
According to Jamaluddin and Smith, these results are in good agreement with the 
data previously obtained by Hyde and Truelove using the Zone Method as the 
approximation technique. Confirming that the S2 approximation is not recommended for 
this difficult level of problem, Jamaluddin and Smith found that the higher order S4. S6 
and Ss Discrete Ordinates approximations all produced similar results. 
In order to develop a comparative analysis of the performance of the 
3-Dimensional approach being developed in this work, the computer code was 
implemented with the pertinent data and was prepared for the same physical 
configuration as specified by Jamaluddin and Smith. Adopting the S4 approximation for 
the method of Discrete Ordinates, the computer program was executed using a 
finite-difference weighting factor of y=0.75 and the results obtained are presented in 
Table 4.2. 
The output data as a prediction of radiative heat flux in the central region of the 
floor and roof surfaces of the furnace considered in the y-direction are displayed in 
Figure 4.2. The results obtained by Jamaluddin and Smith using the DOM, and also from 
Hyde and Truelove using the Zone Method, were digitised and then transposed to the 
same graphic for comparison. 
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Radiative Heat Flux [KW/m2] 
Axial distance [m] Floor Roof 
0.167 122.8 92.2 
0.500 129.0 92.5 
0.833 129.7 87.9 
1.167 128.7 84.8 
1.500 127.4 83.8 
1.833 126.3 83.3 
2.167 123.0 82.6 
2.500 119.6 81.6 
2.833 109.5 80.8 
3.167 106.3 79.7 
3.500 104.0 78.7 
3.833 102.5 78.0 
4.167 100.6 77.1 
4.500 99.3 76.4 
4.833 97.3 76.1 
5.167 95.1 76.7 
5.500 89.4 78.5 
5.833 85.8 79.6 
Table 4.2 - Results of radiative heat flux obtained from this research work, related to 
the case studied by Jamaluddin and Smith (1988a) 
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ý 
234 
Axial Distance [m] 
5 6 
Figure 4.2 - Comparison of radiative heat flux results to the data presented by Hyde and 
Truelove (1977) and by Jamaluddin and Smith (1988a) 
As can be seen, the data produced by this computer program through the 
3-Dimensional Discrete Ordinates method can be considered to be relatively close to 
those obtained by the previous works. 
Appendix A, Figure A. 4 shows the results presented by Jamaluddin and Smith in 
their paper. 
b) Case 5: Problem considered by Sakami et al (1998) 
In this test problem previously studied in 1998 by Sakami, Charette and Le Dez, a 
rectangular geometry representing a furnace with dimensions 2.0 x 2.0 x 4. Om was 
analysed. 
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The gases composing the intervening medium were considered radiatively 
participating and are assigned a volumetric internal heat source of 5 KW/m3 with an 
absorption coefficient K=0.5 m 1. The furnace walls had diffusely and reflecting 
properties and their temperature and emissivity values were as presented in Table 4.3. 
Furnace dimensions 2.0 x 2.0 x 4. Om 
atz=0 TW = 1200K, E,,, =0.85 
Walls temperature and emissivity at z=L TW, = 400K, s, = 0.70 
Others T, W = 900K, c=0.70 
Properties of the medium 
K=0.5m1 
Q=5 KW/m3 
Table 4.3 - Data related to the furnace studied by Sakami et al (1998) and also 
developed during this research work 
This particular problem with the same specifications for the furnace was 
previously analysed by Menguk and Viskanta (1985), Fiveland (1988) and Truelove 
(1988). For their analysis, Sakami et al used a S4 Discrete Ordinates approximation based 
on a specific kind of tetrahedral grid instead of the classical rectangular shape as 
originally proposed for the finite-difference scheme. The original spatial discretisation 
was a grid of 5x5x5 control volumes. In the Sakami's approach, a higher number of 
analytical cells (2695 according to the authors) was used but geometrically regrouped in 
order to form an overall 7x7x 11 control-volume division of cells. 
In their analysis, Sakami et al found that in general their algorithm produced 
more accurate results when compared with the previously developed works. Their results, 
together with the data obtained from Fiveland and Truelove, were digitised from the 
curves and are presented in Figure 4.3. 
The 3-Dimensional computer algorithm just developed for this work was 
prepared and programmed according to the specifications adopted for this particular 
problem and, using the DOM S8 approximation based on the finite-difference approach, 
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was executed and the data obtained in terms of temperature of the gas in a level position 
where y=lm. This is also presented in Figure 4.3 for comparison. 
1100 
1050 
1000 
aý 
co 
Q, 950 
Co 
900 
850 
800 
0 
II I 
z-0.4m 
A 
6__-A 
z-2. Om 
ý----e 
z-3.6m 
A 
13 
Present Study 
A Sakami at al (1998) 
Q Zone Method - Hottel and Cohen (1958), Sakami at al (1998) 
0.5 1 
x [m] 
1.5 2 
Figure 4.3 - Comparison of medium temperature distribution aty =1m for distinct 
values of z, in the 3-D geometry as analysed by Sakami et al (1998) 
As can be seen, excellent agreement in the prediction of gas temperature was 
obtained when compared with the results presented by Sakami et al (1998) and the data 
related to the Zone Method (Hottel and Cohen, 1958). 
In Figure A. 5, the results previously obtained by Sakami et al (1998) are 
presented. 
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4.2 - The Approach for the Non-Conventional, More Complex 
Geometries in 2-Dimensional Enclosures 
The next step was to consider the analysis of radiative transfer taking place in 
enclosures not anymore having just an empty space or even a semitransparent 
participating medium (as has been discussed previously) but now holding one or more 
physical protrusions and/or obstructions. These will produce some kind of non- 
conventionality and complexity in the geometrical domain. 
If we consider that these protrusion- and obstruction-like new active surfaces can 
also incorporate optical properties of emission, absorption and/or reflection of thermal 
radiation (non-black surfaces), a more complicated phenomenon also including multi- 
reflections among the several enclosure walls can take place even for those that are not in 
the immediate line-of-sight of the geometrical layout. 
Note: The definition of active surfaces in this work is understood to be those surfaces 
that have a view to the inside of the spatial domain in such a way that they 
somehow can contribute to the thermal behaviour and analysis of the enclosure 
in terms of emission, absorption and/or reflection of radiation. 
The next move in the implementation of such procedures and for some 
clarification of the details involved, it is appropriate and more convenient to present the 
analysis first for enclosures initially in the 2-Dimensional environment. Later, the 
methodology for the final 3-Dimension geometrical configuration is developed. 
Following this strategy, we can now assume a simple L-shaped 2-Dimensional 
enclosure similar to the scheme presented by Chai, Lee and Patankar (1993d), as can be 
seen in Figure 4.4. 
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jb2 
IN 
Figure 4.4 - L-shaped 2-Dimensional geometry 
The philosophy (Patankar, 1980; Chai et al, 1993d) includes an extra area on the 
original configuration in order to transform it back into a classical rectangular-shape 
geometry, as schematically shown in Figure 4.5. 
10, 
. 
Figure 4.5 - The approach for adapting the non-conventional L-shaped 
enclosure to the standard rectangular geometry 
Doing this, a convenient procedure for the analysis of thermal radiation by the 
Discrete Ordinates Method is to consider the shaded region as an analytical part of the 
enclosure but in a virtual, non-active form, whilst presenting well determined and 
specific optical and thermal properties. The analysis of the problem is then made 
considering the enclosure now as holding the classical rectangular geometrical form. 
However, special attention must be dedicated to the boundary conditions associated to 
the virtual and real regions. 
Chapter 4. Application of DOM to 3-D Complex Geometries 88 
This initial analytical approach, although somewhat basic, is very important 
because it will serve as a platform for the building of the more complex geometric 
models that will be required for the next phases of this research program. 
The fundamental concept, using this particular example, is to add two new terms, 
Rc. dx. dy. y and -Rp. dx. dy. y, respectively in the numerator and denominator of 
Equation 3.26 for the proper calculation of the actual values of average intensity in each 
control volume, including both real and virtual zones. This re-configured equation then 
takes the following form: 
I-: = 
P vYSrr + Iýi IAw Iw; + Ili IAs Isi +Rc dxdyy (4.5) 
Y. ßVY+IýrIAw+ Iil, IAS-RPdxdYY 
In the virtual region, because it is assumed that no intensity of radiation is taking 
place, we have then to make Ib =0 and also use the step scheme for the finite-difference 
weighting factor (see item 3.1) in order to guarantee that those cells' central intensities 
remain as the adopted local value. So, for the cells belonging to the non-active region, we 
must have that: 
Rc=Rc, = 0, 
RP= RP v =-M and 
7= 1.0 
where M is designated a relatively large number, say 1020. This will set the nodal 
intensity in this region as virtually null. 
In order to preserve this new Equation 4.5 as fully compatible with the Discrete 
Ordinates Method main approach, we must have that, for the active region: 
RC=Rca =0 and 
Rp=RPa =0 
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This will make the calculation of the nodal intensity for all the control volumes 
belonging to the active region return to the normal, standard configuration. 
As previously mentioned, the application of the proper boundary conditions 
imposed by these extra geometric elements will demand special attention and care. From 
the scheme as presented in Figure 4.5, we can see that the cells marked as A and B must 
now contain the boundary conditions applicable to the protrusion, and this can be 
implemented through a proper assignment for the two additional terms Rc and RP related 
to those specific cells. 
In this way, considering the protrusion boundary surfaces as grey and presenting 
diffusely absorbing and reflecting properties, the RC and Rp for those cells, in relation to 
the x-direction for instance, are defined as: 
Rcx = -! - 
1 
E, v 
Ini + 
'-E- 1w, IW, lý, i 
dxy 7t t, <o 
Rp x" =0 
(4.6) 
This overall fundamental scheme of approach, including this philosophy of 
accessing the contribution of the boundary conditions from the protrusions and 
obstructions, is then incorporated into the numerical modelling algorithm under 
development for this work, with the aim of obtaining the correct prediction of radiative 
transfer in more complex geometries. 
Next, some examples in the 2-Dimensional environment are presented, as a form 
of exercising this implementation procedure. 
4.2.1 - Comparison of the adapting procedure in relation to the 
conventional analysis by the Discrete Ordinates Method 
As an initial step for the validation and performance verification of the approach 
for non-conventional geometries, a basic configuration incorporating a rectangular 
parallelogram can be considered as seen in Figure 4.6 and based on a work developed by 
Chai et al (1993d): 
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I3=0, E3=1.0 
1.5 d 
(a) 
13=0,83=1.0 1y 
I2=1.0 
£2=0.5 
I1=1, E1=1.0 
ý 
d 
(b) 
14=0 
E4 = 1.0 
-º 
X 
ý 
Figure 4.6 - Thermo-geometrical and optical conditions for the approach of protruded 
boundaries 
For this particular case, a domain grid composed of 60x40 and 40x40 control 
volumes was selected for the simulated and real situations (Figure 4.6/a and 4.6/b), 
respectively in the x- and y- directions. 
The medium contained in the real part of the enclosure is assumed to have 
properties of absorption and emission but non-scattering thermal radiation with the value 
for the absorption coefficient being adopted as x=1.0 m 1. 
With the computer code under development properly set up with the specific 
conditions for the situation as presented in Figure 4.6/a of this problem, using a S15 
approximation proposed in 1992 by Sanchez and Smith (the direction cosines and the 
single-value weight for this particular quadrature set are presented in Table 4.5) and the 
finite-difference weighting factor adopted as y=1.0, the numerical execution produced 
the results presented in Table 4.4. 
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Nondimensional Nodal 
Average Intensity 
yld xld = 0.175 xld = 0.825 
0.0125 . 55 . 
46 
0.0375 . 53 . 
43 
0.0625 . 52 . 
41 
0.0875 . 51 . 
39 
0.1125 . 
49 . 
37 
0.1375 . 48 . 
35 
0.1625 . 
47 . 
33 
0.1875 . 46 . 32 
0.2125 . 45 . 31 
0.2375 . 44 . 
29 
0.2625 . 43 . 
28 
0.2875 . 42 . 
27 
0.3125 . 41 . 26 
0.3375 . 40 . 
25 
0.3625 . 39 . 
25 
03875 . 39 . 
24 
0.4125 . 38 . 
23 
0.4375 . 37 . 
22 
0.4625 . 36 . 
21 
0.4875 . 35 . 
21 
0.5125 . 35 . 
20 
0.5375 . 34 . 
19 
0.5625 . 33 . 
19 
0.5875 . 32 . 
18 
0.6125 . 32 . 
18 
0.6375 . 31 . 
17 
0.6625 . 30 . 
17 
0.6875 . 29 . 
16 
0.7125 . 29 . 
16 
0.7375 . 28 . 15 
0.7625 . 27 . 14 
0.7875 . 26 . 14 
0.8125 . 25 . 
13 
0.8375 . 24 . 
13 
0.8625 . 23 . 12 
0.8875 . 22 . 12 
0.9125 . 21 . 
11 
0.9375 . 20 . 
11 
0.9625 . 18 . 
10 
0.9875 . 17 . 10 
91 
Table 4.4 - Results of nodal average radiative intensity, for the configuration as 
presented in Figure 4.6/a, which includes the protrusion approach 
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Adapting this computer algorithm with the physical situation as depicted in 
Figure 4.6/b (i. e. without the protrusion), the results were found to be exactly the same as 
the ones when considering the protrusion. These are presented in Table 4.4. 
All these resultant data were then plotted in Figure 4.7 for analysis. 
0.6 
0.5 
1 
y1d 
Figure 4.7 - Nodal average intensity of radiation related to Figure 4.6 
As can be seen, the results from the new code which include a simulation of a 
virtual region (according to Figure 4.6/a) are the same as the ones obtained from the 
basic Discrete Ordinates computer algorithm. The latter considers only a rectangular 
parallelepiped (see Figure 4.6/b). This demonstrates, although still in a preliminary form, 
that the just implemented procedure for the analysis of thermal radiation in non- 
conventional configurations is able to produce consistent results. 
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4.2.2 - Further case studies including complex geometries in 2-D 
As a practical way to verify the performance of this new computer code, some 
examples from other authors were reproduced and the results compared. 
Case 6: Problem presented by Sanchez and Smith (1992) considering an internal 
obstruction 
In this analysis of thermal radiation that takes place in a 2-Dimensional physical 
system with non-conventional geometries, a square-shaped enclosure was adopted, 
containing a non-participating central area, as originally suggested by Sanchez and 
Smith (1992), and now reproduced in Figure 4.8. All the enclosure internal surfaces are 
specified as being black holding a uniform and constant temperature of 300K except for 
the left region that is assigned a temperature of 320K. The intervening medium does not 
participate radiatively. 
T =300K 
T =320K 
x 
Figure 4.8 - Geometry and thermal conditions as proposed by Sanchez 
and Smith (1992), Case 6 in this study 
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The enclosure dimensions were H=L=1.0m, the square obstruction has a side 
of 0.5m and, as can be seen in the Figure, it is maintained at a temperature of 300K. 
The spatial domain was then divided into nx = ny = 40 control volumes, the 
finite-differencing weighting factor was taken to be y=0.6 and the approximation for the 
Discrete Ordinates Method was chosen as the S15 (Sanchez and Smith, 1992), a set based 
on equal weights and equal polar angular increments. The set of ordinates and quadrature 
weights for this S15 DOM approximation is reproduced in Table 4.5. 
COORDINATES (Sls) 
(first quadrant) 
4 
0.994521895 
0.978147601 
0.951056516 
0.913545458 
0.866025404 
0.809016994 
0.743144825 
0.669130606 
0.587785252 
0.500000000 
0.406736643 
0.309016994 
0.207911691 
0.104528463 
0.000000000 
Ti 
0.104528463 
0.207911691 
0.309016994 
0.406736643 
0.500000000 
0.587785252 
0.669130606 
0.743144826 
0.809016994 
0.866025404 
0.913545458 
0.951056516 
0.978147601 
0.994521895 
1.000000000 
WEIGHT 
(2-D) 
(0 
0.173749732 
Table 4.5 - DOM S15 quadrature set as proposed by Sanchez and Smith (1992) 
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Following the same method of analysis as presented by Chai, Lee and Patankar 
(1993d), the simulations were performed for values of wall emissivity of E,,, = 1.0 and 
0.5, and the results are first presented in Tables 4.6 and 4.7 and then respectively plotted 
in Figures 4.9 and 4.10. 
0.5255h51.0 1.0255h52 2.0255h52.5 4.255h54.5 4.5255h55.0 5.0255h5525 
135.3 -67.6 -18.2 -120.0 -19.2 0.0 
135.3 -67.5 -16.1 -119.8 -17.3 0.0 
135.3 -67.1 -14.2 -119.5 -15.6 0.0 
135.3 -65.9 -13.4 -119.0 -14.1 0.0 
135.3 -63.6 -13.7 -118.4 -12.7 0.0 
135.3 -61.0 -13.9 -117.6 -11.5 0.0 
135.3 -59.1 -13.0 -116.6 -10.4 0.0 
135.3 -58.1 -11.9 -115.3 -9.5 0.0 
135.3 -56.8 -11.7 -113.9 -8.7 0.0 
135.3 -54.9 -13.0 -112.3 -8.0 0.0 
135.3 -52.7 -13.2 -7.3 
135.3 -50.8 -9.4 -6.8 
135.3 -48.5 -4.4 -6.2 
135.3 -45.2 -1.7 -5.8 
135.3 -40.8 -0.6 -5.4 
135.3 -36.3 -0.1 -5.0 
135.3 -32.0 -0.1 -4.7 
135.3 -28.2 0.0 -4.4 
135.3 -24.9 0.0 -4.1 
135.3 -22.1 0.0 -3.8 
-19.6 
-17.5 
-15.7 
-14.1 
-12.7 
-11.5 
-10.5 
-9.5 
-8.7 
-8.0 
-7.3 
-6.8 
-6.2 
-5.8 
-5.4 
-5.0 
-4.7 
-4.4 
-4.1 
-3.8 
Table 4.6 - Prediction of radiative heat flux by DOM S 15 approximation, for the 
situation as depicted in Figure 4.8, black walls 
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0.5255h51.0 1.0255h52 2.0255h52.5 4.255h54.5 4.5255h55.0 5.0255h55.25 
52.3 -25.3 -7.1 -37.4 -12.5 -1.6 
52.4 -25.2 -6.6 -37.3 -11.8 -1.7 
52.5 -25.0 -6.2 -37.2 -11.2 -1.7 
52.8 -24.5 -6.1 -37.1 -10.5 -1.7 
53.1 -23.8 -6.3 -36.9 -9.9 -1.8 
53.5 -22.9 -6.3 -36.7 -9.4 -1.8 
53.9 -22.2 -6.0 -36.4 -8.8 -1.9 
54.4 -21.6 -5.7 -36.1 -8.3 -2.0 
55.0 -20.7 -5.7 -35.7 -7.8 -2.0 
55.5 -19.7 -6.0 -35.3 -7.4 -2.1 
55.7 -19.0 -6.0 -7.0 
56.1 -18.2 -4.9 -6.6 
56.6 -17.4 -3.5 -6.2 
56.9 -16.3 -2.7 -5.9 
57.2 -15.0 -2.2 -5.6 
57.5 -13.7 -1.9 -5.3 
57.6 -12.5 -1.7 -5.0 
57.6 -11.4 -1.6 -4.8 
57.5 -10.4 -1.6 -4.6 
57.4 -9.5 -1.5 -4.4 
-8.7 
-8.1 
-7.4 
-6.9 
-6.4 
-6.0 
-5.7 
-5.3 
-5.1 
-4.8 
-4.6 
-4.4 
-4.1 
-4.0 
-3.9 
-3.8 
-3.7 
-3.6 
-3.6 
-3.7 
Table 4.7 - Prediction of radiative heat flux by DOM S 15 approximation, for the 
situation as depicted in Figure 4.8, reflecting walls with p=0.5 
The dimensionless length h begins at the left lower corner and continues in a 
clockwise way moving then for the obstruction boundaries in the same manner so that its 
north surface is represented by 4.525: 5 h <_ 5.0. 
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Figure 4.9 - Radiative heat fluxes on the enclosure walls, for the geometry as 
presented in Figure 4.8, Case 6 
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Analysing the curves and points plotted in Figures 4.9 and 4.10, it can be seen 
that the results obtained from this research work in this particular example using the 
DOM S15 approximation are in very good agreement with the data presented by Sanchez 
and Smith (1992). 
The original plots from the work developed by Sanchez and Smith are included in 
Appendix A, Figure A. 6. 
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Figure 4.10 - Radiative heat fluxes on the obstruction walls, for the geometry as 
presented in Figure 4.8, Case 6 
Case 7: Problem presented by Sanchez and Smith (1992) including two 
protrusions 
The next situation to be analysed in this comparison phase in terms of 
non-conventional geometries considers the inclusion of two physical elements dissipating 
thermal energy in the enclosure, according to the geometry shown in Figure 4.11. 
This case was also investigated by Sanchez and Smith (1992) and has the particular 
feature of presenting a physical situation with some more complexity. 
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Figure 4.11 - Geometry and thermo-optical conditions as proposed by Sanchez 
and Smith (1992), Case 7 in this study 
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The enclosure has dimensions L, = 12mm and H,. = 50mm, and the two 
dissipating components have dimensions of 6mm and 15mm in the x- and y-directions 
respectively. They are separated by a distance of 10mm on the y-axis. 
For this particular problem, a spatial discretisation of nx = 12 by ny = 50 control 
volumes was adopted. This was the same grid as suggested by Sanchez and 
Smith (1992), enabling a direct comparison of the results to be made. 
The Discrete Ordinates Method was then executed for this problem using the 
S15 approximation with the same finite-difference weighting factor of y=0.6 as used by 
those authors. 
For this case, the dimensionless length /i follows the internal surface of the half 
upper part of the enclosure, direction west-*north >east, in such a way that the first 
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portion of the west wall is represented by 1 <_ h: 5 5, the electronic component surface by 
6 <_ h <_ 32, the upper portion of the west wall is then represented by 33 <_ h5 37, the 
north face by 38 <_ h5 49 and the half of the upper portion of the east wall is represented 
by50<_h574. 
The results obtained from the computational program for this particular example 
are shown in Table 4.8 and in Figure 4.12. 
1<_h55 65h511 125h526 275h532 335h537 385h: 549 505h574 
-12.5 47.5 68.4 74.0 -8.1 -41.6 -34.1 
-13.6 47.8 68.3 73.0 -5.7 -43.0 -35.8 
-16.0 47.9 68.1 71.8 -1.1 -43.5 -37.5 
-19.4 48.7 68.0 70.4 2.6 -43.0 -39.1 
-20.0 50.3 68.0 68.7 5.9 -41.3 -40.5 
51.5 68.1 66.7 -38.7 -42.3 
68.3 -37.7 -44.8 
68.6 -38.1 -47.2 
69.0 -38.2 -49.1 
69.6 -37.9 -50.7 
70.2 -37.0 -51.9 
71.0 -35.7 -52.8 
71.8 -53.5 
72.6 -53.8 
73.5 -53.9 
-53.7 
-53.1 
-52.3 
-51.0 
-49.6 
-49.1 
-49.0 
-48.8 
-48.6 
-48.6 
Table 4.8 - Output data of radiative heat flux on the walls of the enclosure and 
protrusions, for the geometry as presented in Figure 4.11, Case 7 
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Figure 4.12 - Radiative heat flux on the walls of the enclosure and protrusions, for the 
geometry as depicted in Figure 4.11, Case 7 
Some representative points from the results presented by Sanchez and Smith were 
digitised and they are also presented in the Figure. Appendix A, Figure A. 7 shows the 
plots presented by these authors and related to Figure 4.12. 
Once again, it can be seen here that the results in terms of prediction of surface 
radiative heat flux presented by the computer thermal modelling under development for 
this research program and by Sanchez and Smith are in good agreement. 
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4.3 - Development of the Computer Algorithm to Perform Analysis of 
Radiative Heat Transfer in 3-Dimensional Complex Geometries 
At this stage, the main work is started in development and building of the final 
numerical thermal model based on the Discrete Ordinates Method so as to generate a 
computer code for the analysis of radiative transfer in complex geometries. As previously 
stated, this numerical modelling must be able to predict radiative heat flux and 
temperature in multi-dimensional multi-shape systems with arbitrary layout geometries 
and with the internal surfaces also having the possibility of presenting reflective 
properties for the incident thermal radiation. 
As a start, the philosophy to be adopted is practically the same as that used to 
develop the approach for more complex geometries in 2-Dimensional enclosures 
(presented in Section 4.2). 
Taking the general Discrete Ordinates equation that estimates the intensity of 
radiation in the centre of the volume element (i. e. Equation 3.18 for 3-Dimensional 
configurations) 
Ip; =ß 
VYSpr + Iýi IAXR IXRI + I71t IAxR 
IYRt + Iµi iAzR IzR; 
0 vY + Iý; IAXR + ITI; I AYR + Iµ; I AzR 
(4.7) 
in applications to irregular geometries and considering the variation of the radiative 
intensity also in the z-direction of the 3-D system, we have to add in the numerator of this 
equation the new term 
R. dx. ay. az. 'y 
and in the denominator, the following term 
-Re. dx. dy. dz. y 
The final equation, applicable for the 3-Dimensional non-conventional geometry, 
can then be formulated as: 
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1- = 
0 VYSvi +It; IAxRIxRr +IiIrIArRI, Ri +Iµi IAzRIzRr +RcVy (4.8) 
F. ßvY+IýiIAxR+ IiliIAYR +IN'iIAzR -RvVY 
Also, following the same technique as presented for the 2-D arrangement, for 
those cells belonging to the non-active region (i. e. where the protrusions and obstructions 
are located) and relating to Equation 4.8, we must have that 
Rc = Rc, = 0, 
RP = RP _ -M and 
y=1.0 
with M specified as a relatively large number (for example 102) making the nodal 
intensity in this region close to zero. For all control volumes in the active region, it must 
be specified that 
RC=Rca =0 
Rp=R pa =0 and 
0.5<_y51.0 
which makes the calculation of the nodal intensity for the non-virtual region return to its 
normal configuration. 
For the analysis of the boundary conditions for all the active surfaces associated 
to the new geometrical elements as protrusions and/or obstructions, we must include their 
radiosity contribution in the modelling algorithm. Adopting the active surfaces of these 
new elements as holding diffusely absorbing and reflecting properties, the Rc and Rp 
terms in the x-direction must be: 
1 1-EW Rcx = 
IEW 
IbW + z(j)1IW; jý1) 
dxY 7c ý, <o 
(4.9) 
RP., =0 
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with the provision that the original contribution of radiosity from the upstream faces of 
these cells must be set to zero. 
This philosophy of numerical approximation, including the approach for the 
boundary conditions from the new elements of the enclosure, was then introduced into 
the computer algorithm generated for the analysis of thermal radiation in 3-Dimensional 
non-conventional configurations. 
4.3.1 - Building a dedicated thermal modelling algorithm 
To perform the analysis in a particular geometrical problem, what we have to do 
is to create a specification area in the computer code where we must provide the 
dedicated information concerning exactly where the new surfaces (i. e. new boundary 
conditions from the protrusions and/or obstructions) are going to be. 
For example, if we consider a very basic situation as depicted in Figure 4.13, 
Z 
Figure 4.13 - New radiatively participating surfaces 
we have to instruct the computer code that the block surfaces 1,2 and 3 are now part of 
the internal enclosure walls with possible active participation in the emission, absorption 
and reflection of thermal radiation. This procedure is completely accomplished by using 
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the scheme proposed via Equation 4.9 for each direction as determined by the position of 
the wall in relation to the x-, y- and z- axes. For example, in the numerical model 
described above the heating input contribution from the block surface 1 in terms of 
emitting, reflecting and absorbing thermal radiation, will take place specifically 
in the x-direction. 
In order to apply the Discrete Ordinates approximation the way it was 
implemented in this program, the spatial domain (now in 3-Dimensional form) is firstly 
discretised and appropriately divided into nx x ny x nz control volumes in such a way that 
the Cartesian position of the protrusion and obstruction active faces coincides with the 
position of one or a sum of a certain number of divisions n; for the pertinent axis. 
For instance, in the example as presented above, if the box has a dimension of 
15 units in the x-direction, a division of the spatial domain providing each cell a 
dimension of 3 units in this direction will make the box cell face number 1 to be 
coincident with the right face of the 5th control volume in the x-direction. The same 
matching philosophy must be employed for all other cells and box active surfaces in their 
respective Cartesian directions. 
In the sequence, the cells' faces that are coincident with the enclosure walls are 
assigned radiosity properties based on the information of temperature and 
emissivity/absorptivity properties of these surfaces. This is just the first thermal input 
required in order to begin the process. . 
For the estimation of the cell-central intensities, the calculation procedure follows 
,X on 
in exactly the same way as that explained for the 2-Dimensional environment (i. e. the 
calculation is executed using Equation 4.8 and, in an iterative way, produces the 
converged values of intensity of radiation on the walls, box active surfaces and in the 
medium). This calculated intensity of radiation is then used to assess important quantities 
such as heat flux and temperature. 
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a) Case 8: First exercise in the prediction of radiative heat flux in 3-Dimensional 
irregular geometries: 
As a first attempt at predicting radiative heat flux on the surfaces of a 
3-Dimensional non-conventional rectangular enclosure, we can propose the building of a 
theoretical model of a system having in its interior a box, simulating a kind of a heat 
dissipating electronic subsystem for instance, which holds a distinct temperature from 
that one specified for the enclosure walls. This physical situation is portrayed 
in Figure 4.14. 
Z 
x 
T, = OK 
E,,. = 1.0 
T,,., = 400K 
£,,,, = 1.0 
Figure 4.14 - 3-D rectangular enclosure with a box-shaped internal protrusion, Case 8 
For this first 3-D test case, the enclosure walls are considered black. The box 
surfaces are kept to a temperature of Tbo = 400K while all the enclosure walls are 
assigned a temperature T, y = OK. 
The enclosure has the physical dimensions 900 x 700 x 600mm and the box by its 
turn has dimensions of 300 x 300 x 300mm in the x-, y- and z-directions. The box is 
symmetrically positioned in relation to the x-axis. An intervening medium having an 
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absorption coefficient x=0.001 is considered in the system. This makes it virtually 
radiatively non-participating. The physical domain was spatially discretised and divided 
into 18 x 14 x 12 control volumes in the x-, y- and z-directions respectively and each cell 
is a cubic element of side dimension equal to 50mm. 
Table 4.9 summarises this data and also presents the information with reference to 
the relative positioning of the box in the system. 
Dimension Cells Position 
x-axis: 900 18 - 
Enclosure y-axis: 700 14 - 
z-axis: 600 12 - 
x-axis: 300 6 7 -ý 12 
Box y-axis: 300 6 1--* 6 
z-axis: 300 6 1--* 6 
Table 4.9 - Geometric data for the system presented in Figure 4.14, Case 8 
The developed 3-Dimensional computer code was then set up with these input 
conditions and it was executed using the S4. S6 and S8 Discrete Ordinates approximations. 
The surface heat flux results from the simulation of this problem, obtained for the cells 
located at the 6`h strip in the z-axis (k = 6) on the enclosure wall where y= 700mm, are 
presented in Appendix B, Figure B. 1 and also plotted in Figure 4.15. 
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Figure 4.15 - Radiative heat flux results for distinct orders of DOM 
approximation, at the enclosure surface where y= 700mm 
and at z-axis level k=6 
From this graphic, we can clearly see that for distinct orders of DOM 
approximation, very different results for the prediction of wall radiative heat flux are 
obtained. For this particular thermo-geometrical situation as depicted in Figure 4.14, 
deviations larger than 82% were identified. This indicates that a careful consideration 
must be undertaken before choosing the order of approximation for the Discrete 
Ordinates Method for each particular problem under study. 
Next, we take the DOM S8 approximation and execute the program again looking 
for a variation in the net heat flux on the same surface (i. e. where y= 700mm) for distinct 
horizontal positions on this particular surface. Figure B. 2 presents the resulted 
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predictions of radiative heat flux at the wall cells located at k=6,9 and 12. This data is 
presented graphically for easy comparison in Figure 4.16. 
69 12 
Cell number on x-axis 
15 18 
Figure 4.16 - Radiative heat flux for three distinct z-axis levels, k=6,9 and 12, 
at the enclosure surface where y= 700mm 
For the same thermo-physical and geometrical conditions, the radiative heat flux 
resultant on the surface where x= 900mm was also analysed and the resultant data can be 
seen in Figure B. 3. Again, we can perform a comparative analysis to investigate heat flux 
at different positions on the wall. Figure 4.17 presents the prediction of net heat flux for 
the cells located at k=6,9 and 12 for the specific wall where x= 900mm. 
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Figure 4.17 - Radiative heat flux for three distinct z-axis levels, k=6,9 and 12, 
at the enclosure surface where x= 900mm 
Analysing these results, we can see that, as expected for this geometry and 
thermal conditions, the closer the enclosure wall cells are to the warm box surfaces, the 
higher are the predicted values of radiative heat flux. 
As a further step in the analysis of this first example of a 3-Dimensional 
non-conventional geometrical enclosure, we can now go ahead and consider all the active 
walls as non-black and holding diffusely emitting and reflecting optical properties. 
To perform this proposed investigation, the previously specified values of temperature 
are maintained (i. e. T, y = OK on the enclosure walls and Tbo = 400K for the box as well as 
the adopted value for the absorption coefficient x=0.001 m"'). All the system active 
walls are then specified as reflective and holding an emissivity value E=0.7. 
Chapter 4. Application of DOM to 3-D Complex Geometries III 
Programming the computer code with this new data of reflective optical 
properties on the walls, it produced results that are presented in Figures B. 4 and B. 5, 
and then plotted in Figure 4.18 for the three specific cell height levels on the wall where 
y= 700mm and, in Figure 4.19, for the enclosure wall where x= 900mm. 
69 12 
Cell number on x-axis 
15 18 
Figure 4.18 - Prediction of radiative heat flux for the situation of reflecting walls, 
at the enclosure surface where y= 700mm 
We can see here that a specification of reflective properties on the enclosure and 
protrusion active surfaces produces overall lower values of radiative heat flux when 
compared to the previous situation (black walls) as presented in Figures 4.16 and 4.17. 
Chapter 4. Application of DOM to 3-D Complex Geometries 112 
68 
Cell number on y-axis 
10 12 14 
Figure 4.19 - Prediction of radiative heat flux for the situation of reflecting walls, 
at the enclosure surface where x= 900mm 
Another thermal radiation characteristic that can be investigated in this system is 
the effect of the medium absorption coefficient. 
Taking the same geometry as in the previous example with the properties of black 
walls and temperatures of Tho = 400K and T. = OK for the box and enclosure surfaces 
respectively, we can now vary the participating ability of the medium and analyse the 
predicted results using this Discrete-Ordinates-based 3-Dimensional numerical 
modelling. 
As a first form of analysis, the value of x=2.0 m-1 for the absorption coefficient 
of the medium is used and the computer program was executed for the S41 S6 and S8 
Discrete Ordinates approximations. The results for this initial examination are presented 
in Appendix B, Figure B. 6, and also plotted in Figure 4.20. 
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Figure 4.20 - Prediction of radiative heat flux for distinct orders of DOM 
approximation, at the enclosure surface where y= 700mm and 
z-axis level at k=6, for a participating medium with absorption 
coefficient of x=2.0 m"1 
In the next step, taking the S8 approximation for instance, we can now analyse the 
predictive results of radiative heat flux for several values of the medium absorption 
coefficient. For this particular test, the distinct specifications of x=0.001,1.0,2.0,5.0 
and 10.0 m-1 were adopted. 
Performing the computer simulations, Figures B. 7 and B. 8 present the obtained 
data and, in Figure 4.21, the plots are presented related to those cells located on the 
enclosure surface where y= 700mm, and in Figure 4.22 for the cells at x= 900mm. 
In these figures we can see the effects of the different values of medium absorption 
coefficient imposed on this particular system, where a protrusion element is maintained 
at a distinct value of temperature. 
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15 18 
Figure 4.21 - Radiative heat flux at the enclosure surface where y= 700mm and 
at z-axis level k=6, for distinct values of absorption coefficient 
As expected, for higher values of medium absorption coefficient, smaller 
quantities of thermal radiation are transmitted from the hot body to the enclosure cold 
surfaces resulting, therefore, in lower values of predicted radiative heat fluxes on these 
enclosure surfaces. 
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Figure 4.22 - Radiative heat flux at the enclosure surface where x= 900mm and 
at z-axis level k=6, for distinct values of absorption coefficient 
b) Case 9: Improving the flexibility of the previous example 
As the next move in the analysis by this DOM-based numerical modelling, we 
can take the previous problem and now consider distinct values of temperature on the 
enclosure walls at the same time as also adopting the enclosure and box surfaces as grey 
and retaining diffusely emitting, absorbing and reflecting properties. In this way, for the 
enclosure internal surfaces where x=0 and x=x, na,,, their temperature were defined as 
Tx=o = Tx-xmax = 350K whilst all the other four remaining enclosure surfaces are 
maintained at 200K. The box surfaces temperatures are still maintained at Tbo = 400K. 
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Aiming for a more arbitrary scenario in terms of thermal radiative analysis, the 
enclosure and box surfaces are assigned distinct specifications for their optical properties. 
These are presented in Table 4.10 together with other relevant data. 
Position Temperature [K] Emissivity 
x=0 350 0.1 
X= 900mm 350 0.5 
E l 
Y=O 200 0.9 
nc osure 
y= 700mm 200 0.5 
Z=O 200 0.5 
z= 600mm 200 0.5 
Box all faces 400 0.9 
Table 4.10 - Thermo-optical data referent Test Case 9 
The computer program was set up with this new set of thermal and optical 
conditions and it was executed using the DOM S4 approximation. The data obtained are 
presented in Table 4.11 and also plotted in Figures 4.23 and 4.24. Figure 4.23 presents 
the estimated net radiative heat flux for those cells located at k=3 (on the 3`d strip of 
cells in the z-direction) on box lateral surfaces where y= 300mm for 300: 5 x: 5 600mm. 
Figure 4.24 in turn shows the prediction of net heat flux for the other two vertical 
faces of the box, at the same height on the z-axis, at x= 300mm and x= 600mm, both 
for0<_y<_300mm. 
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Box surface radiative heat flux [W/m21 
at y= 300mm at x= 300mm at x= 600mm 
cell number 
in x-axis 
cell number 
in y-axis 
7 1025.7 1 1018.7 974.4 
8 1022.1 2 981.3 931.0 
9 1019.4 3 950.7 895.3 
10 1017.6 4 933.2 874.0 
11 1016.5 5 928.6 865.8 
12 1015.7 6 934.1 867.2 
Table 4.11 - Obtained data of radiative heat flux on box surfaces, for the cells 
located at k=3 
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Figure 4.23 - Prediction of radiative heat flux on box surface where y= 300mm, 
for those cells located at k=3 
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Figure 4.24 - Prediction of radiative heat flux on box surfaces where x= 300mm and 
x= 600mm, for those cells located at k=3 
Figure 4.24 presents two interesting notes. First of all, as expected, for those cells 
that are situated next to the enclosure surface where y=0, which holds a high value of 
absorptivity, the predicted values of heat flux are higher than for those box cells that are 
located far from this surface and, therefore, have a better view to the other surfaces 
having a lower value of absorptivity. 
Secondly, comparing the profiles of the two curves referring to x= 300mm and 
x= 600mm, we can see that for the cells located close to the enclosure surface that hold 
high values of absorptivity (i. e. surface where y= 0), the difference in the predicted heat 
flux on both box surfaces is smaller than the difference observed for the block cells 
located at the other far end of the box where y approaches the value of 300mm. 
The reason for this is that, for the block cells located next to the enclosure wall at y=0, 
the effect of the high absorptive surface of the enclosure is more expressive while, for the 
cells located at the opposite end of these two block surfaces, the effect of the high 
absorptive surface of the enclosure is less important. Simultaneously, the high reflective 
characteristic of the surfaces at x= 900 becomes predominant making the heat flux for 
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those cells located on the box surface at x= 600mm and closer to the end at y= 300mm 
produce lower values of heat flux. 
c) Case 10: Comparing results with Malalasekera and James (1996): 
This particular theoretical problem published in 1996 was analysed by 
Malalasekera and James using the Discrete Transfer Method. It comprises an L-shaped 
3-Dimensional enclosure as can be seen in Figure 4.25. All internal walls were 
considered as black and having a temperature Tom, = 500K. Inside, there is an absorbing 
and emitting but non-scattering medium, kept at a uniform and constant temperature 
of Tm =1000K. 
ýVý y x 
Figure 4.25 - Configuration of L-shaped geometry as proposed by Malalasekera and 
James (1996) for a DTM solution, and now reproduced in this work 
using the Discrete Ordinates Method 
Discretising the spatial domain in a kind of body-fitted grid arrangement and in 
such a way as to produce 5 divisions on all faces having lengths of 3m or 2m, 
Malalasekera and James analysed the resultant heat fluxes half-way along the z-axis at 
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the face where y=0 (line B-B in Figure 4.25) for several values of medium absorption 
coefficient, namely x= 10,5,2,1 and 0.5 m 1. 
In order to conduct a first check on the performance of the developed 
3-Dimensional numerical modelling based on the Discrete Ordinates Method in relation 
to a previous work executed using another kind of approximation, a comparative analysis 
was carried out with the pertinent data. This program was then executed following the 
same sequence for the five different values of the medium absorption coefficient. 
The S12 approximation for the Discrete Ordinates Method was applied and the results 
obtained from the simulations presented initially on Table 4.12 and plotted in Figure 4.26 
together with the results obtained by Malalasekera and James for a better visual 
comparison. 
The details of the quadrature set relating to the DOM S12 approximation is 
presented in Table 4.14. 
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Predicted radiative heat flux (DOM) 
Distance for absorption coefficient, x [m'1] 
on x-axis 0.5 1.0 2.0 5.0 10.0 
0.1 15.9 23.9 31.4 39.2 43.8 
0.2 18.8 28.8 38.7 48.2 52.0 
0.3 21.0 32.1 42.5 50.6 52.7 
0.4 22.5 34.1 44.5 51.5 52.9 
0.5 23.3 35.3 45.5 51.9 53.0 
0.6 23.7 35.7 45.9 52.1 53.1 
0.7 23.6 35.7 46.0 52.2 53.1 
0.8 23.5 35.6 46.0 52.2 53.1 
0.9 23.5 35.6 46.0 52.2 53.1 
1 23.6 35.7 46.1 52.2 53.1 
1.1 23.7 35.8 46.2 52.3 53.1 
1.2 23.5 35.7 46.2 52.3 53.1 
1.3 23.1 35.2 45.9 52.2 53.1 
1.4 22.4 34.5 45.6 52.2 53.1 
1.5 21.8 34.0 45.3 52.2 53.1 
1.6 21.5 33.7 45.2 52.2 53.1 
1.7 21.4 33.7 45.1 52.2 53.1 
1.8 21.4 33.6 45.1 52.2 53.1 
1.9 21.3 33.5 45.1 52.2 53.1 
2 21.2 33.4 45.0 52.2 53.1 
2.1 21.1 33.2 44.8 52.2 53.1 
2.2 20.9 33.0 44.7 52.1 53.1 
2.3 20.8 32.8 44.5 52.1 53.1 
2.4 20.6 32.6 44.3 52.0 53.1 
2.5 20.4 32.3 44.0 51.9 53.1 
2.6 20.1 31.9 43.5 51.7 53.0 
2.7 19.4 31.0 42.7 51.3 52.9 
2.8 18.2 29.3 41.0 50.5 52.7 
2.9 16.2 26.3 37.3 48.1 52.0 
3 13.4 21.4 30.1 39.1 43.8 
Table 4.12 - Radiative heat flux data produced by DOM, for the case previously 
analysed by Malalasekera and James (1996) 
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Figure 4.26 - Visual comparison for the results obtained from DOM and Discrete 
Transfer approximations 
We can see here that, once more, the higher the value of the absorption 
coefficient, the larger the radiative heat flux predicted to take place on the wall surface. 
The reason is, because the medium is kept at a constant value of relatively high 
temperature, an increase in its absorption coefficient will actually dictate a higher 
capacity of the medium to transfer thermal energy to the enclosure wall. From a 
comparative viewpoint, it can be seen that the results achieved by the Discrete Ordinates 
Method, for the five distinct values of absorption coefficient, are in very good agreement 
with the data obtained by Malalasekera and James (1996) using the Discrete Transfer 
Method. 
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4.3.2 - Advancing the complexity of the thermo-geometrical system 
At this stage of the analysis, we can further explore the capabilities of this 
3-D numerical model by increasing the number of internal boxes and, in addition, by 
assigning them arbitrary conditions of shape, relative position, temperature and thermo- 
optical properties. This forms the basis for simulation of the experimental set-up 
described later in Chapter 5. A system such as the one presented in Figure 4.27 is 
proposed, where radiative flux predictions can be assessed and analysed. 
BOX2 
ý x 
630 mm 
720 mm 
1020 mm 
Figure 4.27 - Proposed basic configuration for the analysis of thermal radiation 
in 3-Dimensional non-conventional geometries 
As a first setting of conditions, all the active surfaces are considered black and the 
enclosure walls are assigned a uniform temperature of OK while the surfaces of the boxes 
1,2 and 3 are kept at temperatures of 400K, 300K and 200K respectively. A radiatively 
participating but non-scattering medium is considered in the enclosure with an absorption 
coefficient of x=1. Om 1. To complete the specifications for this problem, Table 4.13 
presents all the pertinent information including the relative positioning of each box in the 
system. 
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Dimension 
[mm] 
Number 
of cells 
Position 
(cell no. ) 
x-axis: 1020 34 - 
Enclosure y-axis: 720 24 - 
z-axis: 630 21 - 
x-axis: 360 12 13 --ý 24 
Box i y-axis: 300 10 1-* 10 
z-axis: 240 8 1-9 8 
x-axis: 240 8 1-48 
Box 2 y-axis: 480 16 9 -+ 24 
z-axis: 120 4 18 -ý 21 
x-axis: 210 7 28 --ý 34 
Box 3 y-axis 210 7 18 --* 24 
z-axis 630 21 1-ý 21 
Table 4.13 - Geometrical specification for the proposed 3-D test configuration 
as presented in Figure 4.27 
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For this particular problem where a number of boxes in the system are introduced, 
it was considered as suitable and convenient to carry out simulations using some distinct 
orders of approximation for the Discrete Ordinates Method to analyse possible 
differences in the output data. A higher order of quadrature set for the DOM 
approximation, S12, was obtained from Hsu et al (1992) and its values of coordinates and 
respective weights (originally proposed in 1965 by Lathrop and Carlson) are presented 
in Table 4.14. 
In this way, the Discrete Ordinates approximations of S2, S4, S69 S8 and S12 were 
executed and subsequently verified. 
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COORDINATES (S12) 
(first quadrant) 
WEIGHTS 
(3-D) 
Ti µ co 
0.1596536 0.1596536 0.9741773 0.1227206 
0.1596536 0.4584710 0.8742511 0.0811105 
0.1596536 0.6284124 0.7613202 0.0674176 
0.1596536 0.7613202 0.6284124 0.0674176 
0.1596536 0.8742511 0.4584710 0.0811105 
0.1596536 0.9741773 0.1596536 0.1227206 
0.4584710 0.1596536 0.8742511 0.0811105 
0.4584710 0.4584710 0.7613203 0.0552766 
0.4584710 0.6284124 0.6284124 0.0485448 
0.4584710 0.7613203 0.4584710 0.0552766 
0.4584710 0.8742511 0.1596536 0.0811105 
0.6284124 0.1596536 0.7613203 0.0674176 
0.6284124 0.4584710 0.6284124 0.0485448 
0.6284124 0.6284124 0.4584710 0.0485448 
0.6284124 0.7613203 0.1596536 0.0674176 
0.7613203 0.1596536 0.6284124 0.0674176 
0.7613203 0.4584710 0.4584710 0.0552766 
0.7613203 0.6284124 0.1596536 0.0674176 
0.8742511 0.1596536 0.4584710 0.0811105 
0.8742511 0.4584710 0.1596536 0.0811105 
0.9741773 0.1596536 0.1596536 0.1227206 
Table 4.14 - DOM S12 quadrature set as proposed by Lathrop and Carlson (1965) 
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Conducting all the simulations prescribed for this test case, the output of the 
computer code produced the results of predicted radiative heat flux taking place at the 
11th cells of the z-axis (i. e. k= 11) as presented in Table 4.15. These are also plotted in 
Figure 4.28. 
N 
12 16 20 
Cell on x-axis 
24 28 32 
Figure 4.28 - Plots of radiative heat flux for the cells located on the 11th strip of the 
z-axis, enclosure surface where y=0, black surfaces, for distinct values 
of DOM approximation, 3-D geometry as presented in Figure 4.27 
What can be seen here is that the DOM S2 approximation once more presents 
results very different from the ones produced by using the higher orders. Similarly, at 
least for the condition of black walls, the DOM approximations S4, S69 S8 and S12 are able 
to present relatively similar data. 
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Predicted Surface Radiative Heat Flux [W/m2] 
Cell on x-axis 
Distinct DOM approximations 
S2 S4 S6 S8 S12 
1 116.7 94 86.7 83.1 87 
2 136.7 98.5 102 97.2 99.9 
3 163.5 103.8 117.5 112.5 113.5 
4 197.6 110.5 131 128.5 126.7 
5 238.4 119.2 141.8 145.1 139.5 
6 283.9 131.4 150.1 161.8 152 
7 330.6 148.9 157.4 178.1 164.7 
8 374.9 173.7 167.2 194.3 179.2 
9 413.5 206.3 183.7 211.4 197.6 
10 444.9 244 209.4 232.4 222 
11 468.8 280.6 242.4 258.5 252.2 
12 486.6 308 276.4 288.5 284.6 
13 544.6 370.5 363.2 367.6 367.6 
14 618.3 420.4 410.3 415.5 415.7 
15 686 454.2 435.3 447.6 445 
16 736.5 473.6 448.5 468.3 462.5 
17 766.9 483.2 455.6 480.3 472.3 
18 778.3 486.7 458.7 484.9 476.4 
19 772 485.8 458.5 482.9 475.5 
20 748.3 480.6 455.1 474.5 469.6 
21 706.8 469.2 447.6 459 458.1 
22 647.1 448.1 433.8 435.4 439 
23 572.4 412.6 407.8 401.2 408.1 
24 494.3 361.2 359 351.7 358.3 
25 434.6 297.3 269.4 271.5 273.2 
26 417.7 268.2 231.2 240.2 238 
27 396.8 230.3 193.5 212.7 204.7 
28 370.4 191.8 164.2 191.1 178.2 
29 337.9 158.7 143.8 173.4 157.5 
30 300.1 133.6 129 156.7 140.3 
31 258.8 115.9 116.6 139.4 124.7 
32 216.4 103.8 104.6 121.2 109.8 
33 175.7 95.4 92.4 102.9 95.6 
34 138.6 89.2 80.3 85.6 82.6 
Table 4.15 - Output data of radiative heat flux for the cells located on the 11th strip of 
the z-axis, enclosure wall where y=0, black surfaces, for distinct 
values of DOM approximation, geometry as presented in Figure 4.27 
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Analysing the effects of distinct values for the medium absorption coefficient: 
This next simulation is aimed at the verification of the radiative heat flux results 
on the enclosure walls when distinct values of absorption coefficient are specified for the 
intervening medium. Values of absorption coefficient x=0.001,5 and 10 were used and 
the output results analysed using the Discrete Ordinates Method for the approximation 
of the radiative heat flux taking place on the wall of the enclosure as depicted 
in Figure 4.27. Running the numerical model using a DOM S8 approximation, the results 
are shown in Table 4.16 and also plotted in Figure 4.29. 
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abs. coeff. =0.001 
abs. coeff. =5.0 
-II 
abs. coeff. =10.0 
4 8 12 16 20 
Cell on x-axis 
24 28 32 
Figure 4.29 - Predicted radiative heat flux for the cells located at the 11th strip of the 
enclosure wall where y=0, black surfaces, for distinct values of 
absorption coefficient, geometry as presented in Figure 4.27 
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Some very interesting details can be ascertained here. 
Comparing the results of radiative heat flux for the enclosure wall cells located 
relatively close to the Box 1 warmer surfaces, we can see that the higher the adopted 
value for the medium absorption coefficient, in these enclosure wall cells we are actually 
getting higher values of heat flux. This is unexpected behaviour at first sight. At the same 
time, in a contrasting situation, for the cells located further from the Box 1 warm surfaces 
(in our example represented by cells no. 1 to 5 and 31 to 34), the results of the thermal 
model as expected predict lower values of radiative heat flux at higher values of the 
medium absorption coefficient. 
The explanation for this behaviour is that the enclosure wall cells located next to 
the warm surfaces of the box, when they are assigned a higher value of absorption 
coefficient, their medium temperature increases and, if they are also located close to the 
wall cells kept at a constant lower temperature, a higher value of net heat flux will be 
produced at the enclosure wall. On the other hand, for the cells located relatively far from 
the box warm surfaces, before the heat actually hits the cells close to the wall surface, 
most of it will be absorbed while travelling through the medium. The lower temperatures 
in those cells consequently will induce lower values of net radiative heat flux taking 
place at the enclosure wall. This particular phenomenon clearly highlights the necessity 
for careful attention when analysing thermal radiation in 3-Dimensional complex 
geometries. 
Chapter 4. Application of DOM to 3-D Complex Geometries 130 
Cell no. Surface Radiative Heat Flux [W/m2] 
(x-axis) K=0.001 M-1 K=5.0 m'1 K= 10.0 m'1 
1 83.7 64.1 44.6 
2 96.1 81.0 61.1 
3 110.3 98.2 77.8 
4 125.3 116.1 95.5 
5 140.6 135.5 115.0 
6 155.2 156.6 136.8 
7 168.3 179.6 161.4 
8 180.3 204.7 189.5 
9 193.1 232.5 221.5 
10 210.1 264.4 258.5 
11 232.0 301.6 301.4 
12 256.7 344.8 351.2 
13 336.6 421.0 424.1 
14 385.9 465.8 466.7 
15 418.8 495.9 495.2 
16 439.9 515.5 513.5 
17 452.1 526.9 524.2 
18 456.6 531.6 528.7 
19 454.3 530.4 527.8 
20 445.2 523.2 521.5 
21 429.1 509.3 508.9 
22 405.0 487.4 488.6 
23 370.2 455.0 458.2 
24 320.2 407.9 413.4 
25 240.2 329.4 338.2 
26 215.0 283.9 286.2 
27 192.1 244.5 241.1 
28 175.7 210.7 202.0 
29 163.6 180.9 168.0 
30 152.0 154.1 138.2 
31 138.3 129.7 112.2 
32 122.3 107.3 89.2 
33 105.1 86.6 68.4 
34 88.8 66.9 49.0 
Table 4.16 - Data of heat flux obtained for the cells located at the 11d' strip of the 
enclosure wall where y=0, black surfaces, for distinct values of 
absorption coefficient, geometry as presented in Figure 4.27 
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The inclusion of reflecting walls: 
To extend the degree of complexity of the system under analysis, we can go 
ahead and consider the enclosure walls as, instead of black, now holding properties of 
diffusely reflecting the incoming intensity of radiation. This will signify that, because all 
the boxes and the enclosure surfaces will actually present distinct temperatures, a realistic 
scenario of multi-emitting, absorbing and reflecting phenomena will be taking place in 
the environment and the resultant heat fluxes from all these circumstances can be 
analysed. 
To accomplish this, we now assign the reflectivity conditions (c < 1) for the three 
internal boxes and also the enclosure. The specification for these thermo-optical 
conditions can be found in Table 4.17. 
Location Emissivity 
Enclosure 0.9 
Box 1 0.2 
Box 2 0.5 
Box 3 0.8 
Table 4.17 - Distinct values of optical properties for the enclosure and boxes 
active surfaces 
Using the DOM S8 approximation and adopting the absorption coefficient for the 
medium as x=1.0m', the results for this test case are presented initially in Table 4.18 
for a position on the 11th strip on the z-axis and then on a plot format as shown 
in Figure 4.30 together with output data for the black walls situation (also for x=1. Om1) 
for a better visual appreciation. 
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Cell no. Surface Radiative Heat Flux [W/m2] 
(x-axis) Black Walls Reflect. Walls ( see Table 4.17) 
1 83.1 29.6 
2 97.2 33.2 
3 112.5 36.8 
4 128.5 40.3 
5 145.1 43.8 
6 161.8 47.1 
7 178.1 50.2 
8 194.3 53.2 
9 211.4 56.3 
10 232.4 60.4 
11 258.5 65.3 
12 288.5 70.9 
13 367.6 86.1 
14 415.5 95.3 
15 447.6 101.3 
16 468.3 105.0 
17 480.3 106.9 
18 484.9 107.1 
19 482.9 106.0 
20 474.5 103.6 
21 459.0 99.9 
22 435.4 94.7 
23 401.2 87.8 
24 351.7 78.2 
25 271.5 63.2 
26 240.2 57.4 
27 212.7 52.2 
28 191.1 48.3 
29 173.4 45.3 
30 156.7 42.5 
31 139.4 39.2 
32 121.2 35.2 
33 102.9 30.8 
34 85.6 26.5 
Table 4.18 - Heat flux prediction for absorption coeff. K=1.0m'1, for the cells at the 
11`h strip of the z-axis, enclosure surface where y=0, for a condition of 
reflecting properties on the enclosure and boxes active surfaces 
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Figure 4.30 - Plots of radiative heat flux for the cells located on the 11th strip of the 
z-axis, enclosure surface where y=0, geometry as the one presented in 
Figure 4.27, situation now including reflecting properties on the 
enclosure and boxes active surfaces 
Besides the already expected overall lower values of net radiative heat flux taking 
place on the enclosure walls, what can also be seen in this Figure is that the assignment 
of a very low value of emissivity for the Box 1 surfaces (c = 0.2) makes for a 
considerably lower magnitude of net surface radiative heat flux. 
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4.4 - Theoretical-Experimental Validation Strategy 
Having developed a computer-based numerical thermal model that has the 
capability of analysing thermal radiation in 3-Dimensional complex geometries (using 
the relatively recent method based on the Discrete Ordinates approach) and also having 
desirability to be fast in setting up the layout and thermal properties specification, this 
can be already considered a significant contribution to the analysis of radiative heat 
transfer in the practical, real world of engineering applications. 
However, experimental validation of the predicted results would confer important 
benefits in relation to the knowledge generated in this field of technology. To facilitate 
this, the design and the construction of a real experimental test set-up is proposed next, 
that is capable of precisely reproducing the critical thermo-optical conditions adopted and 
implemented in the developed computing numerical modelling. 
With this in mind, it was decided to go ahead and to accept the extra challenge of 
investigating how well the theoretical predictions of radiative heat transfer data from this 
computer numerical model would correlate with the data obtained directly from true 
experimental measurements. A comprehensive and representative full size 3-Dimensional 
physical enclosure was designed and built together with a number of internal boxes with 
arbitrary shapes and thermo-optical conditions. It was also possible to be flexible in 
facilitating a variable layout of the system so as to address the experimental 
measurements of radiative heat flux in complex geometries. The details concerning the 
design philosophy and the construction of this test system are explained in the next 
chapter. 
To achieve satisfactory comparisons of the accuracy of the predicted radiative 
heat fluxes through the numerical thermal model, the design and construction of the test 
system was conceived in such a way as to take advantage of the main characteristics of 
the numerical model (i. e. using the Cartesian coordinates system and also the control- 
volume formulation). Following the consideration of these features, the construction of a 
rectangular-shaped metallic test system, with its volume suitably discretised in control 
volumes or cells with appropriate radiative heat flux sensors (also called radiometers) 
was developed. 
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This test system was very similar to that adopted in the analysis of the last 
3-Dimensional configuration that included the 3 boxes (see Figure 4.27). The outer 
rectangular case, considered as the physical enclosure, was designed to be maintained at 
a relatively lower temperature while the boxes, in turn, were controlled at higher 
temperatures through the use of special heaters. 
Defining a particular region of interest in the cold enclosure walls and following 
the proposed cell division, the radiative heat flux sensors, custom-made at the same size 
of one modelling cell, were attached flush to the surface in order to produce the desired 
readings. 
Recalling that the test enclosure will be filled with air, the analysis of heat 
transfer will be considered for a radiatively non-participating medium (Cornwell, 1977, 
Kreith and Black, 1980, Siegel and Howell, 1992, Brewster, 1992). This will be also 
carried out by assigning in the numerical modelling the absorption coefficient Ka very 
small value. 
The analysis of thermal radiation in complex geometries using the Method of 
Discrete Ordinates is successfully completed and it is now ready to use for our main goal, 
which is the comparison with the data to be obtained from the experimental 
measurements. 
CHAPTER 5 
Experimental Set-Up Design 
5.1 - Designing a Test Set-up for the Measurement of Radiative Heat 
Fluxes in Absorbing/Emitting/Reflecting Multi-Dimensional 
Geometries 
For the design and construction of the experimental test set-up, the main objective 
was to develop a thermo-mechanical system that could be representative of the internal 
compartment of a basic but realistic spacecraft, and at the same time that could approach 
the mathematical modelling of the environmental conditions to be reproduced by the 
analytical computer software. In order to achieve this intent, a full size metallic 
compartment containing three boxes simulating spacecraft subsystems and located in an 
arbitrary layout, programmed to dissipate thermal energy while in operation, was 
designed during this research program and subsequently built and assembled in the 
workshops and laboratories of the Department of Mechanical Engineering, at 
Loughborough University. 
Considering the overall size of the experimental enclosure, its dimensions were 
chosen such as to make it large enough to be compatible with the operations of handling 
the boxes, installation of the many surface temperature sensors and the mounting of the 
radiometer for the radiative heat flux measurements, but at same time sufficiently small 
in order to make feasible its accommodation and operation in a standard laboratory 
environment. 
The size and shape of the spacecraft subsystems' dummies, which will here be 
frequently called just as boxes, were defined to be some how representative of the 
conditions found in a real spacecraft, i. e. holding distinct forms and dimensions. 
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For the layout of the boxes inside the system, the adopted philosophy was to 
position them in such a way that they could perceive a good and representative view 
factor for the emitted and the reflected radiation taking place among themselves and on 
the reciprocal interactions with the system enclosure internal walls. 
For the generation of the radiative heat fluxes in the experiment, the boxes 
representing the spacecraft subsystems, considered as opaque for the thermal radiation, 
were defined to be heated up while the enclosure walls would be maintained at lower 
values of temperature. In this way, the resultant multi-reflected-emitted radiative heat 
flux values could be measured at the enclosure cold walls. In fact, this is the most typical 
thermal situation found in a spacecraft during its orbital or interplanetary flight where the 
subsystems normally have to somehow dissipate the thermal energy generated as a 
consequence of their functional operation. 
As far as the test environment pressure is concerned, although the actual pressure 
inside a real flying spacecraft is very low i. e. it is correlated to a vacuum environment, it 
was decided to perform the measurements of radiative heat flux under the normal 
atmospheric conditions of the laboratory. In order to ensure that the associated 
convective heat transfer phenomenon would not affect the measurement, a special type of 
radiative heat flux sensor was chosen. This particular kind of sensor is designed and 
constructed in such a way that the produced voltage is a consequence of practically only 
the radiant heat flux experienced by its active surface. A more complete picture of its 
construction philosophy can be found in Section 5.3 and the details of its calibration 
procedure are presented at the beginning of Chapter 6. 
5.2 - The Construction and Building Details of the Proposed Test Set-Up 
The workshop and laboratory operations devoted for the accomplishment of the 
building of the test experiment took a great deal of time, patience and labour. Although 
apparently having a simple and straightforward construction philosophy, the critical 
requirements for obtaining a test set-up that would be capable of reproducing accurate 
and reliable data, mainly in the field of radiative heat flux measurements, proved to be 
very demanding involving much dedication. 
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The enclosure walls: 
The test system external walls were built in rectangular formats aiming to 
compose an enclosure with a parallelepipedal shape, with the overall dimensions of 
(W)1020 x (D)720 x (H)630mm. These specific dimensions were chosen bearing in mind 
the compatibility with the size of the computer modelling cell, defined to be 
30 x 30 x 30mm each. In this way, considering that the origin of the adopted Cartesian 
coordinates is located at the first left corner of the system (see Figure 5.5), the 
mathematical modelling configuration will be constituted by exactly 34 nodes on 
the x-axis, 24 nodes on the y-axis and 21 nodes on the z-axis direction. Doing this, the 
whole system was then submitted to a nodal division of 
" 4,228 surface cells, located on the enclosure internal walls and boxes active 
surfaces; 
" 17,136 volumetric cells, internally contained in the whole parallelepipedal- 
form system, including those located inside the boxes. 
This gives exactly the same dimensions of the experimental enclosure. 
For the construction material itself, in order to achieve the highest possible 
uniformity on the temperature distribution of the surfaces, copper was selected due to its 
high coefficient of conductivity. For better handling, machining and the system building 
purposes, the copper plate thickness was selected to be 0.924mm (SWG 20). 
The drawings containing the details of the designing process of the six sections of 
the enclosure walls are presented in Appendix C, and a photograph of the hole drilling 
process on the copper plates can be seen in Appendix D, Figure D. 1. 
Considering that the boxes surfaces temperatures could not be too high by reason 
of some technical restrictions, in order to get significant values of radiative heat flux 
predicted by the computer numerical modelling and subsequently to be measured by the 
radiometer, it was important to have a high value of the coefficient of absorptivity at the 
internal surfaces of the enclosure walls. 
Because standard commercial grade copper has a very low value of coefficient of 
absorptivity, it was decided to apply a thin layer of Kapton® tape on the whole internal 
surface of the enclosure walls. This particular kind of tape is commonly used for thermal 
purposes in the building of spacecraft. It is a very stable material under the stresses of 
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temperature variation from cold to hot and vice-versa, presenting an operating 
temperature limit of +180°C (see Appendix E for more details). With this physical 
stability, it has the required optical properties of emissivity and absorptivity. 
In order to obtain the exact value of the final optical properties of the Kapton- 
covered copper surface, two samples were prepared and sent to laboratories at the 
National Institute of Space Research, in Sao Jose dos Campos, Brazil, to be analysed by 
an Infrared Spectrophotometer. The results showed that, while the original nude copper 
surface presented an absorptivity coefficient of 0.018 (highly reflective in the infrared 
range), the adopted process of Kapton® tape covering elevated the absorptivity of the 
system internal active surfaces to the value of 0.846. This is well accepted by our 
experimental test set-up. The details of this measurement analysis are presented in the 
Appendix F. 
Figure 5.1 - The building of the enclosure walls 
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The dummy boxes: 
The radiative heat dissipating boxes, proposed to simulate spacecraft thermally 
active subsystems, were constructed by using exactly the same material utilised for the 
enclosure walls. For the shaping of the boxes to their design dimensions, some parts of 
the copper sheets were just bent while others were attached using small aluminium 
brackets. 
For their dimensions and shapes, each one of the boxes was designed to have its 
own characteristics looking for an arbitrary situation. These data can be seen in 
Figure 5.2. 
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Figure 5.2 - Dimensions of the internal boxes 
630 mm 
I/. ý. -2lo mm 
In order to produce more sensitive values of thermal radiative fluxes, their 
surfaces were also covered with a layer of Kapton® tape leading to the same high value 
of emissivity, 0.846. During the application of the Kapton® tape on the enclosure and 
boxes surfaces, some relatively small and medium sizes air bubbles built up. 
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In order to prevent further problems with the growing of these air bubbles during 
the warming up of the surfaces, probably leading to high non-uniformities on the surfaces 
temperatures, they were hole-punched and the trapped air was drained out. 
A picture showing the application of the Kapton® tape on the surface of a 
dummy box can be seen in Figure 5.3, and Figure 5.4 shows all three boxes prepared to 
be installed in the system. 
Figure 5.3 - Application of the Kapton® tape on top of the Box 1 surface 
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Figure 5.4 - The three subsystem simulating boxes ready to be installed in the test set-up 
Primarily aiming for an arbitrary layout of configuration in order to be as generic 
as possible, the exact positioning of the dummy boxes in the system was also designed to 
be compatible with the sizing and characteristics of the computer modelling nodes. 
A view of the layout of the three boxes in the experiment can be seen in 
Figures 5.5 and 5.6 and also in the photographs in Figures D. 4, D6, D. 8 and D. 9. 
The exact specifications of their relative positioning are presented on Table 4.13. 
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1020 mm 
Figure 5.5 - Main test system composed by the enclosure and the three 
internal boxes 
Figure 5.6 - The three simulating boxes positioned in the system without the top 
wall and also the enclosure wall where x=0 
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The dummy boxes heating strategy: 
For the generation and the controlling of the higher temperature values in each 
one of the dummy boxes, the technique adopted was the installation of surface contact 
flexible resistors, also called skin-heaters, underneath each one of their thermally active 
surfaces. These skin-heaters were supplied by Omega Engineering, from Stamford, CT, 
U. S. A., with the dimensions as close as possible to the surface area they were required to 
supply heating energy. 
Each one of the skin-heaters (eleven in total) was electrically connected to a 
dedicated variable power supply. Manually adjusting these variac-type power supply 
devices, the specified temperature could be achieved on each box thermally operating 
surface. These eleven control variacs where put together in a 19" panel, forming the 
Skin-Heater Power Supply. The details of the adopted skin-heater power supply 
interconnection can be seen in Appendix G, Figures G. 1 and G. 2. 
For the proper installation of the skin-heater against the box internal surface, a 
metallic backing supporting plate, made from 2mm-thick aluminium sheet and having 
roughly the same area dimensions as the skin-heater, was attached and pressed by using 
bolts, in a 'sandwich-like' arrangement. This procedure was intended to optimise the 
application of uniform heat on the box surface. A photograph of this assembly is shown 
in the Figure 5.7 and some others are presented in Appendix D, Figures D. 3, D. 5 and D. 7 
Chapter 5. Experimental Set-Up Design 145 
Figure 5.7 - Skin-heater installation on the inner surface of the simulating box, 
with the aluminium plate also positioned to get a better contact 
The enclosure walls refrigerating procedure: 
To maintain the enclosure walls at the required relatively lower temperature, an 
array made from 12mm dia. copper pipes was installed on their outside surfaces, attached 
and pressed by using copper saddle bands. Each one of the saddle bands, in a total of 
512 units for the whole enclosure, was fixed against the outer surface of the wall by using 
two bolts. The sizing and layout of the copper tubes and the spacing of the attachment 
hardpoints were designed having in mind an optimum configuration for the heat transfer 
conditions, in terms of achieving a satisfactory temperature uniformity on the walls. 
A photograph from the building process of the refrigerating system can be seen in 
Figure 5.8. 
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Figure 5.8 - Building process of the enclosure wall refrigerating system 
Chapter S. Experimental Set-Up Design 147 
Figure 5.9 - Enclosure walls fully integrated 
Water, at an inlet temperature of approximately 13°C, was selected as the 
refrigerating medium to flow through the piping system in order to absorb and remove 
the load of thermal energy coming from the heated boxes, and therefore with the task of 
maintaining the enclosure walls at a low and uniform temperature. 
In order to obtain the maximum efficiency in terms of cooling the system, each 
one of the six walls had its own refrigeration piping system inlet tube connected straight 
to the laboratory water mains supply. This means that the whole system needed six inlet 
hoses coming from the water supply duct and also six outlet hoses connected to the 
laboratory water-draining pipe. A picture of this water hose connection is presented in 
Figure 5.10. 
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Figure 5.10 - Cooling water supply for each one of the enclosure walls 
Doing this, every one of the six enclosure walls received at the inlet of its cooling 
system a flow of fresh cold water. 
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Procedure for thermally insulating the dummy boxes from the enclosure walls: 
The technical requirements for properly insulating the warm dummy boxes from 
the enclosure cold walls in terms of conduction, and also by the radiation coming from 
the box internal surfaces, were very critical to enable the thermal conditions on the test 
apparatus to agree with the computer numerical modelling, which considered these heat 
transfer effects as null. 
In order to minimise the heat losses by radiation to the interior of the heated 
boxes (heat from the boxes non-active surfaces), the aluminium-made backing support 
outer surface was left untouched (i. e. with an optical property of low emissivity) and the 
surfaces of the enclosure wall, facing the inside of the heated box, were covered with 
aluminium tape in this way retaining a low absorptivity property. Besides that, the wall 
surface underneath the boxes received an additional protection against the thermal 
radiation coming from the internal surfaces of the boxes, through a technique commonly 
used in the aerospace community. This special technique, called Multi-Layer Insulation 
(or MLI for short) comprises the manufacturing of a kind of a thermal blanket by using 
materials such aluminium foil and bridal veil. 
Basically, layers of aluminium foil are alternated with layers of bridal veil 
(technically called Dracon net) in a sandwich-like mode. 
The aluminium foil, with its very high coefficient of reflectivity, acts as a shield 
against the impinging thermal radiation, and the intervening layer of bridal veil in turn 
makes sure that there is no direct contact between the two adjacent layers-of aluminium 
foil, minimising in this way the heat transfer by conduction. When several layers of 
aluminium and bridal veil are applied in this configuration (for space applications 10 to 
20 layers are commonly used), the capacity of this blanket to insulate against thermal 
radiation is extraordinarily high. 
A schematic drawing showing this radiative transfer insulation technique is 
shown in Figure 5.11 and Figure 5.12 shows one of the thermal blankets built for this 
experiment. 
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Figure 5.11 - Schematic representation of a Multi-Layer Insulation (MLI), in this 
example built by using three layers of aluminium foil alternated by 
three layers of bridal veil 
Figure 5.12 -A basic Multi-Layer Insulation (MLI) build for this experiment, 
in this case using 2 layers of bridal veil alternated by 2 layers 
of aluminium foil 
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This overall procedure, which includes the low emissivity properties of the boxes 
internal surfaces, the MLI, and the application of aluminium tape on the wall surface, 
proved to be satisfactory in terms of minimising the warming-up of the enclosure walls 
underneath the dummy boxes. A photograph of the process of application of aluminium 
tape on the wall surface, underneath one of the boxes, is shown in Figure 5.13. 
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Figure 5.13 - Aluminium tape covering the enclosure wall underneath Box 1. 
Later on MLI was installed on top of this surface to complete the 
radiation shield. 
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Considering also the possibility of the undesired heat transfer by conduction from 
the edges of the dummy heated boxes to the enclosure walls, the technical solution 
adopted was to physically separate the boxes by using small strips of Teflon®, with 
thickness of 2mm. In this way, two to four small pieces of Teflon® (very low coefficient 
of conductivity at 0.26 W/K. m, Polypenco-1991) were fixed between the enclosure walls 
and each one of the boxes borders and/or surfaces. This detail of thermal insulation may 
be visualised in Figure 5.6, where two small pieces of Teflon® can be seen installed 
between the left face of Box 1 and the enclosure floor. 
Both these actions were important in minimising the warming up of the enclosure 
walls at the vicinity of the heated boxes by the processes of heat conduction 
(mechanically positioning the boxes in the system), and by the inside-the-box thermal 
radiation. 
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System temperature monitoring: 
In order to attempt a correlation from the computer thermal modelling approach 
to the experiment actual configuration, a satisfactory knowledge of the averaged 
temperature distribution on all surfaces was mandatory. This was accomplished by the 
installation of approximately 80 Type T (Copper-Constantan) 30AWG-gauge 
thermocouples (T/C), with 22 for the dummy boxes active surfaces and the remaining 
ones for the monitoring of the enclosure walls cold thermal conditioning (see Appendix H 
for the individual T/C location on the enclosure and boxes active surfaces). 
This arrangement then comprises part of the Temperature Data Acquisition System. 
This manually operated equipment was also supplied by Omega Engineering Inc., and it 
was essentially composed of the thermocouple sensors, a two 40-connection panel, two 
40-channel rotary selector switches, and two digital temperature meters. A photograph 
related to this system is presented in Figure 5.14 and further details can be found 
in Appendix G, Figure G. 3. 
For the temperature sensors, the thermocouple wire was purchased in a spool and 
each temperature sensor was cut to size and manufactured in situ. The thermocouples 
were already calibrated at the supplier facilities, presenting a limit of error of 1.0°C or 
0.75% of the reading, whichever is greater (Omega, 1995). 
The technique adopted for the manufacturing of the thermocouples followed the 
philosophy where the two bare edges of the wires are twisted and then a very small drop 
of solder is applied in order to get a better surface contact. For the test set-up, a quantity 
of approximately 270 meters of thermocouple wire was used. 
For the surface thermocouple installation on this work's experiment, the adopted 
procedure was the same used by the majority of the aerospace hardware-testing 
community. Basically, the reading joint of the thermocouple is firmly positioned in 
contact with the surface (but electrically insulated by the Kapton® tape finishing) and 
back-pressed by a 7x7mm piece of aluminium adhesive tape. On top of this arrangement, 
a 25x30mm strip of Kapton® tape was then used to firmly hold the complete sensor in 
place, and also with the aim of matching the original surface thermo-optical property. 
For the particular case of installing the temperature sensor on top of a surface finished by 
aluminium tape (see Section 6.4), the last tape installed was the aluminium one in order 
to match the box or wall surface. These tape area dimensions are approximate. 
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Figure 5.14 - The Temperature Data Acquisition System 
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An illustrative drawing of this arrangement is presented in Figure 5.15 and a 
photograph of the actual installation of one of the sensors is shown in Figure 5.16. 
Kapton Tape 
Aluminium Tape 
ýý-- ý- 
T/C 
1 -. 4 Test Surface 
Figure 5.15 - Scheme for thermocouple installation (tapes and T/C all must be firmly 
pressed against the measuring surface) 
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Figure 5.16 - Thermocouple installed on Box 2 lateral surface 
Using the 80-channel selector switch, the instantaneous temperature value of 
every single thermocouple from the test system could be accessed, read and recorded 
during the thermal tests. 
The Temperature Data Acquisition System and the Skin-Heater Power Supply 
were installed in a specially built rack to form the Temperature and Heater Power 
Control Panel, as can be seen in Figure 5.17. 
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Figure 5.17 - The Temperature and Heater Power 
Control Panel 
Radiometer installation: 
The requirements and technical specifications for the radiative heat flux sensors 
are presented on Section 5.3. 
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Basically, the philosophy adopted for the radiative heat flux reading was to get 
the necessary and pertinent data for comparison with the computing simulation results. 
Following this concept, three horizontal strips positioned at distinct height levels along 
the enclosure surface where y=0 were taken, together with one horizontal strip along 
each remaining enclosure lateral surfaces, where the radiometer was programmed to be 
installed to perform the reading of radiative heat flux, in a cell-after-cell sequence. 
Doing this, heat flux values taking place in horizontal bands on the lateral surface of the 
enclosure could be obtained. It is important to recall that this measured flux on the wall is 
the result of the multi-emissions and multi-reflections from all the active surfaces in the 
inside of the experiment, including the one where the radiometer is eventually positioned. 
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5.3 - Requirements and Specifications for the Radiative Heat 
Flux Sensors 
For the selection of a sensor suitable for the measurement of radiative heat flux in 
the experiment as outlined for this work, some technical specifications and requirements 
were defined. In this way, the radiative heat flux sensor should meet the criteria, or 
should be able to provide: 
high accuracy 
high sensitivity, in the order of 10 gV per W/m2 or higher 
flat spectral response over the wavelength range of 5.5 to 10 µm 
flux level range from 30 to 500 W/m2, at least 
strongly desired to not be affected by convective heat flux 
repeatability 
relatively low time constant, i. e., lower than 1 second 
no critical dependence on the temperature of the mounting surface 
practical installation on the testing system 
relatively ease of handling 
no need for refrigerating devices 
capable of providing a direct reading or to offer a practical cell equivalence, related to 
the heat flux estimated by the computer modelling 
incorporate a thermocouple for temperature monitoring of its active surface 
no need for constant re-calibration 
reasonable cost 
The study and the analysis for the choice of the most applicable heat flux sensor 
were developed in three distinct phases. Initially, an investigation was performed 
concerning the most common of the currently available kinds of heat flux sensor with the 
aim of getting a better understanding of their principle of operation; next, an analysis 
related to which type would be the most applicable to this work's experiment was done, 
and finally, a search for a suitable supplier for the sensor was carried out. 
The details of this sequence are presented hereafter. 
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Types of radiative heat flux sensors: 
Two main philosophies of radiative heat flux sensors are currently available: 
a) thermal sensors 
b) quantum sensors 
For the thermal type of sensors, their main characteristics can be outlined as: 
- use the energy of infrared radiation, as heat source; 
- response independent of the irradiation wavelength; 
can operate at room temperature; 
relatively low speed of response. 
The most common types of thermal sensors are: 
Thermopile 
Bolometer 
Pyroelectric detector 
Some characteristics of these sensors are: 
Thermopile: 
Based on the principle of operation of the thermocouple junction discovered in 1821 
by Thomas Seebeck, consisting of two wires made by distinct materials and 
connected at their both ends, and having one end at a distinct temperature from the 
other end, will generate an electric current that will flow through the circuit. This is 
proportional to the temperature difference of the two ends; 
- Thermopiles can be constructed with hundreds of thermocouples. They can also be 
made using semiconductors; 
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The principle of operation of the detector is based on the fact that the heat flowing 
through the sensor will generate a difference in the temperature between the upper 
and lower sections of the sensor. This temperature difference is detected by the 
thermopile that, in turn, will produce a voltage that is proportional to the magnitude 
of the flow of heat through the sensor. The large quantity of the thermocouples 
electrically connected in series raises the voltage output up to the mV range. 
In general, a kind of synthetic material makes the substrate where the thermocouples 
are installed. 
Bolometer: 
The basic model of a bolometer can be described as an absorber with a thermal 
capacity C, connected to a thermal mass which is maintained at a temperature To, 
through a thermal conductance D (Mauskopf, 1999). Infrared radiation impinging on 
the absorber is converted to heat and it is distributed by the capacity C. This 
phenomenon makes the absorber temperature vary from AT =T- To, up to when the 
radiative heat flowing to the absorber equals the rate of heat transfer to the thermal 
mass, through the conductance D. The absorber temperature is measured and the final 
value ATf = Tf - To is proportional to the heat flux. Figure 5.18 presents a basic sketch 
of a bolometer. 
1111 Radiation 
To 
Figure 5.18 - Functional scheme of the bolometer 
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Pyroelectric Detector: 
The pyroelectric detector is constructed in such a way that it incorporates a crystal 
surface where the temperature varies proportionately to the incident infrared 
radiation. An electric charge is then generated on the surface of the crystal, which is 
proportional to the variation of the temperature. 
The main characteristics of the quantum sensors: 
The quantum type of radiation sensors presents high capacity of detection and a 
very short response time. Their responsivity is very dependent on the wavelength and, 
with the exception of the sensors actuating in the near-infrared range, they generally need 
some kind of refrigeration during their operation. In addition, the quantum detectors need 
the support of a chopper, in order to pulse the signal of the incident thermal radiation for 
its proper operation and to supply the correct output signal. 
Choosing the appropriate type of radiative f lux sensor for this work: 
Several companies were contacted and, using the commercial catalogues, their 
products were analysed against the defined technical requirements. A data compilation 
was performed, including some of the characteristics obtained from the catalogues 
or even from direct contact with the companies. The summary of this work is briefly 
presented in Appendix I. 
For the quantum type of radiation sensor, it was found that their operational 
conditions present a critical restriction related to the spectral band, being limited to 
X=5.8 gm (for a model based in Lead Selenide, PbSe, as a photoconductive infrared 
detector) to be able to operate at room temperature (Hamamatsu, 1998; Cal Sensors, 
2000). 
For this circumstance, considering the surface temperature of the emitter of 
thermal radiation, for a value of 
X=5.8 µm 
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and recalling the Wein's Displacement Law, Equation 2.8, we have that: 
T=58= 500K 
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which is a value of temperature significantly higher than that expected to be used in this 
work, i. e. approximately 323K for at least one of the dummy boxes. 
For the other quantum-type radiative heat flux sensor models that are able to 
provide a satisfactory response under incidence of thermal radiation at higher values of 
wavelength, these need to be locally refrigerated. This turned out to be inconvenient for 
the test set-up proposed for this work. Thus, it was recognised that the quantum type of 
sensor does not completely satisfy the basic requirements of this research program. 
For the thermal type of sensor, a first analysis showed that all of them are 
potential candidates to successfully perform the task of properly measuring the radiative 
heat flux to be produced in the experiment. On the other hand, it was found that virtually 
all of them suffer from the fact that they are also susceptible to the convective heat fluxes 
taking place on the test system. 
Considering that this detail could be of significant importance for the proper 
measurement of the radiative heat fluxes, a deeper investigation was realised and a 
company in France was identified, which claimed to be capable of supplying a sensor 
based in an innovative method of reading radiative heat flux and minimising the effect of 
convective heat sources. 
After an extensive comparative analysis on the sensors supplied from several 
companies and a closer examination on the specifications of the sensor offered by this 
French manufacturer, and also completed by a visit to the company laboratories, it was 
decided that the sensors for this experiment were going to be purchased from this 
particular company, named CAPTEC, from Villeneuve D'Ascq, in Northern France. 
The company accepted the task of producing a quantity of three customised 
sensors, following a precise design specifically applied to this experiment, and also in 
compliance with the shape and dimensions of the measuring cell. 
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The main characteristics of these sensors are presented in Table 5.1. 
SUPPLIER CAPTEC (France) 
TYPE Thermopile, planar 
SENSITIVITY 21 µV / (W/m2) 
OPERATIONAL RANGE 0.1 - 12 µm 
RESPONSE TIME approx. 0.1 s 
ACTIVE SENSOR AREA 30mm x 30mm 
THICKNESS 0.2 mm 
FIELD OF VIEW 1800 
THERMOCOUPLE TYPE T (Copper-Constantan) 
MAX. TEMP. OF OPERATION 200°C 
CONNECTION LEADS 1000 mm 
INSTALLATION (see Section 5.4) 
CALIBRATION CURVE supplied 
SURFACE FINISH Kapton® / Aluminium 
Table 5.1 - Main characteristics of the CAPTEC planar radiative heat flux sensors 
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Basically, the construction philosophy of this planar type of radiotjneter is to use 
parallel strips of high absorptive material (Kapton® tape in this case) alternating with 
strips of high reflective material (aluminium tape), all installed in a base layer and in flat, 
planar configuration. Underneath both the Kapton® and aluminium tapes, a large amount 
of thermocouples are installed in such a way as to constitute a thermopile. 
When thermal radiation hits the sensor surface, the portion that impinges on top 
of the Kapton® tape area will be mostly absorbed and the T/C's that are installed under 
these strips are going to read higher values of temperature. On the other hand, on the 
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portion of the radiation that actually hits the aluminium strips, more than 80% will be 
reflected making these surfaces retain relatively lower values of temperature to be read 
by their temperature sensors. This difference of temperature is proportional to the net 
heat flux perceived by the radiometer and, as a consequence, it will produce a voltage. 
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Figure 5.19 - Functional diagram of the planar radiometer (Captec, 1998) 
A typical radiative flux sensor produced by the French company can be seen in 
Figure 5.20. 
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Figure 5.20 - Planar kind of radiative heat flux sensor (Captec, 1998), where it can be 
seen the aluminium strips alternated by Kapton® strips, and also the 
many T/C's installed underneath the high absorptive surface 
The following comments details the reasons for the choice of this particular kind 
of sensor and its supplier: 
Thermopile type: historically, this kind of thermal sensor has proved to be very 
reliable and strong, and it is well known and commonly used. 
Sensitivity: an output voltage of 21µV for every W/m2 of net radiative heat flux 
perceived is very satisfactory and it is also compatible with the voltmeter to be used in 
the University's laboratory. Considering that this can read a voltage lower than 10µV, 
this means that a difference in the radiative heat flux reading of the order of I W/m2 can 
be discerned. This is very appropriate for the experiment. 
Operational Range: The response wavelength range of 0.1 - 12 µm is broader 
than the minimum specified in the basic requirements. 
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Response Time: Although the response time for this sensor is relatively long 
when compared to the quantum type of sensor for instance, this will not impose any 
critical restraint to this experiment because all the tests are performed in the steady state 
condition. 
Active Sensor Area: The fact of the sensor being supplied in a custom-built 
format, its active area was specified to be exactly the same as the measurement cell 
defined for this experimental work. This proved to be very convenient in terms of 
providing a straightforward reading and comparison of the radiative heat flux. 
Thickness: The low thickness value of 0.2mm is important for assuring a 
minimum interference with the volumetric cells of the experiment. 
Field of View: Obviously, the requirement of an angle of 180° for the field-of- 
view was imperative in order to get the proper measurement of heat fluxes coming from 
the entire hemisphere over the sensor. 
Thermocouple Type: The Copper-Constantan pair of electrical conductive wires 
makes a sensitive and responsive type of thermocouple, in a very useful range of 
temperature application. 
Maximum Temperature of Operation: The operating maximum temperature of 
200°C is well above the requirements of this work. This was expected to be around 50°C. 
Connection leads: The ordered length of 1000mm is convenient for the 
connections to the Voltmeter outside the enclosure and, at same time, it does not impose 
any sensible losses over the wire resistance, considering that the Voltmeter to be used has 
a very high value of impedance. 
Installation: Considering that the sensor was made-to-order specially for this 
research program, the supplier accepted the requirement of adapting it to be compatible 
with the size of one measurement cell and also to provide the sensor with the physical 
installation devices accordingly to our needs. More installation details can be found in 
Section 5.4. 
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Calibration Curve: The calibration of the sensor is critical for obtaining the 
correct and precise value of the heat fluxes under measurement. Although the sensors 
were already calibrated at the supplier facilities, and bearing in mind that the supplier 
calibration was executed assuming the sensor and target surfaces to be black instead of 
real reflective surfaces as we have in our experiment, it was decided to perform at the 
University laboratories a fully comprehensive process of calibration, including four 
distinct values of target temperature, and using actual measured values of optical 
properties for the sensor and target surfaces. The details of this calibration process are 
presented in Section 6.1. 
Surface finish: The active surface of the sensor provided by CAPTEC is 
composed of several alternating parallel strips of Kapton® and aluminium, as can be 
seen in Figure 5.20. This physical configuration for the construction of the sensor 
denotes that the final thermo-optical properties of the surface will actually be an average 
value from the Kapton® and aluminium tape emissivities, in a situation similar to that 
already mentioned in Section 2.3. 
In order to obtain the exact value of absorptivity/emissivity for the radiometer 
active surface (necessary for the correct calculation of the radiative heat fluxes taking 
place in the experiment), a sample of the surface of this particular radiometer was sent to 
the laboratories at the National Institute for Space Research, in Säo Jose dos Campos, 
Brazil, to be analysed by the Infrared Spectrophotometer. 
The resultant averaged value of absorptivity/emissivity of the sensor surface was 
found to be 0.458. 
Now, recalling that the absorptivity/emissivity value for the internal surface of the 
experiment enclosure was measured to be 0.846 (Kapton(D finishing) i. e. significantly 
different from the average value obtained for the radiometer surface, and bearing in mind 
that the radiative heat flux measured at a particular surface is directly dependent on its 
thermo-optical characteristics, the installation of a sensor with a distinct optical property 
on top of the original surface will inevitably modify the rate of the aimed original heat 
flux. 
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An adequate and straightforward way of performing the correction of the 
measured heat flux, when no other effect is taking place, is to divide the value of heat 
flux measured by the sensor surface thermo-optical property and then multiply by the 
original surface thermo-optical property. In this way, the desired value of radiative heat 
flux when no sensor is installed on the original surface is found. However, in our 
research work this critical topic required very special attention because another 
phenomenon can also take place as explained in Section 5.4. 
5.4 - The Proper Installation and Correct Use of the Radiative Heat 
Flux Sensor in the Experiment Set-Up 
Considering that the physical building of the radiometer itself is very sensitive 
and fragile in terms of handling and installation, it was decided to first mount it on top of 
a copper base plate, with a thickness of 2 mm, geometrically configured to a shape as 
close as possible to that of the experiment cell unit. The copper material was chosen 
because of its property of high thermal conductivity. This assembly was found to be 
robust enough for its multiple installation use on the enclosure walls, an operation 
necessary for the complete measurement process of this experiment. 
Figure 5.21 - Copper base plate prepared for the installation of the radiometer 
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In turn, the physical installation of the radiometer on the surfaces of the 
experiment was performed according to the standard method applied for the thermal type 
of heat flux sensors i. e. flush against the wall (in this particular case further pressed by 
using 4 bolts). This installation procedure guaranteed a good thermal contact with the 
wall surface in order to submit its back surface as close as possible to the enclosure wall 
cold temperature and then having the capability of absorbing and subsequently 
transmitting the radiative thermal energy to the refrigerating system. This sensor 
attachment procedure was executed for each one of the measuring cells on the system. 
A drawing of this assembly is presented in Figure 5.22 and a picture showing its 
final operational configuration is presented in Figure 5.23. 
RHF SENSOR 
MANUFACTURER 
SPECIAL RESIN 
(SENSOR AREA) 
A COPPER BASE PLATE 
Figure 5.22 - Radiometer installation on its base plate 
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Figure 5.23 - Final radiometer configuration as designed for the application in this 
research program 
For the reading of the resultant voltage values, the radiometer leads were 
connected to a Solartron 7055 Microprocessor Voltmeter, supplied by Schlumberger. 
This particular model of Voltmeter is able to read very low values of voltage down to the 
µV range. The related technical details of this equipment are presented in Appendix G, 
Figures G4 to G8. Considering the risk of getting electromagnetic interference on the 
reading of the radiometer supplied voltage, the precaution was taken of running its leads 
away from the skin-heaters connecting wires. 
As a direct response to the net radiative heat flux taking place in a particular cell 
and in a certain system thermal conditioning, the radiometer supplies a specific value of 
voltage. 
Now, for the necessary calculation to obtain the value of radiative heat flux taking 
place in the measuring cell in order to compare with the output data from the computer 
numerical modelling, it is something that must be very well understood and this is very 
critical. 
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In principle, the simple action of positioning a sensor with a significant area on 
top of a surface will immediately modify the conditions of net radiative heat flux taking 
place in that particular surface without the sensor. The only situation where virtually no 
changes take place is when the sensor is maintained at the same temperature of the 
surface where it is installed and, at the same time, the sensor surface holds the same 
thermo-optical property of the original wall surface. If the thermo-optical property of the 
radiometer surface is different from the one specified for the original surface where it is 
installed, some kind of correction must be performed and this can be called a 
thermo-optical compensation. 
In addition, considering the possibility that at the moment of the measurement of 
heat flux, the sensor surface temperature is not necessarily exactly the same as the 
original surface, a second correction must be made in order to get the desired values as 
for the condition when no radiometer is installed on the original surface. This case is then 
called temperature compensation. 
If both these processes of thermo-optical and temperature compensation are not 
carried out, significant errors can be introduced in the measurement of the radiative heat 
flux by the installed radiometers. 
Having this in mind and reviewing that the radiometer used in this experiment 
presents a value of absorptivity quite different from the optical property presented by the 
Kapton® tape applied to the enclosure wall (i. e. 0.458 for the radiometer surface and 
0.846 for the Kapton® tape) and also considering that at the moment of the heat flux 
reading the radiometer temperature might not necessarily be the same as that applied and 
recorded for the wall surface, a careful approach must be considered in order to obtain 
the correct value of radiative heat flux actually taking place at that location and thermal 
conditions, when no radiometer is installed. 
To better explain the thermo-optical and temperature corrections, we can illustrate 
a physical situation of measurement of radiative heat flux as depicted in Figure 5.24, 
where three hot boxes (whose surfaces are maintained at distinct values of high 
temperature, T1, T2 and T3) will generate radiative heat fluxes that are expected to be 
measured at the cell located at the surface of a relatively colder wall due to the multi- 
emissions and reflections that take place inside the system. 
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Figure 5.24 - Example of unmatched thermo-optical and temperature conditions 
during radiative heat flux measurement in non-conventional 
geometries 
As can be seen in this simple but representative example, there is a possibility that 
the radiometer surface thermo-optical properties and temperature will not necessarily 
match the original conditions when the cold surface was experiencing the heat flux with 
no sensor installed. 
To perform a proper correction, we can analyse the net heat flux taking place on 
the measuring cell (see Figure 5.25): 
11111H, 11111 li. 
E,, 15°C q.. F,, 180C q, 
Wall Wall 
a) original configuration b) with radiometer installed 
nauºulueLer 
Figure 5.25 - Analysis of net heat flux taking place on the measuring cell 
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where 
H, y = irradiation onto the wall 
qW = net heat flux on the wall 
HS = irradiation onto the heat flux sensor surface 
qs = net heat flux on the heat flux sensor surface 
In order to calculate the net heat flux for both situations, we may recall 
Equation 2.30, which express the net radiative heat flux experienced by a grey surface 
(5.1) q; = S; ßT; 4 - (xi Hi 
In the circumstances presented in Figure 5.25-a (i. e. without the sensor), the net 
radiative heat flux experienced by the surface element, or cell, will be: 
qw = Ew. 6. Tw4 - EW. Hw, (5.2) 
Now, for the situation as depicted in Figure 5.25-b (i. e. with the sensor installed), 
the actual net radiative heat flux taking place can be obtained from 
qs = sS. ß. TS4 - 
ES. HS (5.3) 
To calculate the desired value of radiative heat flux on the wall, qw,, we can now 
observe that, if the size of the radiometer is relatively very small when compared to all 
the other radiatively participating walls on the surroundings, as happens in the situation 
of this experiment, variations in the radiometer surface temperature and optical properties 
will not significantly affect the incoming radiation H, W, because the new value of 
radiosity leaving the radiometer surface is not able to cause a representative impact on 
the heat balance of the system as a whole. 
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So, following this approximation of 
We will then have that 
Qs 
= aT: ' - H. E$ 
H$=HW 
ý Hj = ßTja - 
9s (5.4) 
Es 
q, y =EW, 6T. 
' -EW 6TSa - g$ E$ 
or 
(5.5) 
qW =$W aTW - gw aTa` + 
E=q8 (5.6) 
Es 
and finally 
9W = E, wß(T,, 
' -Ts) + 
EW 
E` 
9 (5.7) 
From this, Equation 5.7 is then able to convert the measurement results of 
radiative heat flux taking place on the radiometer surface to the expected value for the 
actual enclosure wall and in so doing, simultaneously compensating for both the thermo- 
optical and the temperature differences. 
This analysis procedure will be thoroughly used in Chapter 6 for the calculation 
of radiative heat flux in all the measuring cells of the test system, including all the 
distinct programmed test cases. 
CHAPTER 6 
Experimental Measurements 
and Comparisons 
6.1 - The Calibration of the Radiative Heat Flux Sensors 
In order to obtain correct and reliable values of radiative heat flux, a very careful 
calibration procedure had to be carried out for the two radiometers to be used. 
Considering that the flux to be measured on the system walls was expected to range from 
low values to relatively high values, a computing numerical pre-simulation was executed. 
This involved the four distinct test cases to be experimentally reproduced so that the 
limits for the calibration range could be accessed and determined. From the computer 
pre-simulation output data, these calibration lower and higher limits were found to be of 
the order of 50 W/m2 and 420 W/m2 respectively. Using Equation 2.32, with the optical 
characteristics of the heat flux sensor (a = 0.458) and of a target covered by Kapton® 
(e = 0.846), and considering the heat flux sensor temperature maintained roughly at 
ambient temperature and the view factor as close to one, the values, for the target 
temperature were estimated to range from 35°C to 125°C with the two limiting values of 
radiative heat flux to be 50 W/m2 and 420 W/m2. Looking for a representative number of 
points for the calibration curve, each one of the sensors was calibrated at four distinct and 
equally spaced values of target temperature. So, the adopted target temperature 
calibration points are: 
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Point of Calibration Target Temperature 
1 35°C 
2 65°C 
3 95°C 
4 125°C 
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For the radiometer physical positioning during the calibration process, a special 
metallic support was built, where the sensor could be installed using its same four-bolt 
attachment. This mechanical support (holding the sensor vertically) was then centred in 
front of one of the system boxes lateral surfaces. This surface was heated up and 
thermally controlled to the four specified calibration temperatures. 
Figure 6.1 presents a photograph from one of the radiometers installed in the 
calibration metallic support. 
Figure 6.1 - Radiative heat flux sensor installed in the calibration mechanical support 
The further details of the radiometer calibration procedure are as follows: 
The left surface of Box 1 was heated up to 35°C while the radiometer installed in 
its calibration support was left far away, facing the enclosure internal wall maintained at 
a relatively low temperature. When the average value of temperature from the two 
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thermocouples installed at the Box 1 left surface (i. e. T/C 1 and T/C 2) was stabilised at a 
temperature of approximately 35°C, the radiometer was then centred positioned at a 
distance of 10mm from the box hot surface. 
As simultaneously as possible, the values of temperature from T/C 1 and T/C 2, 
the voltage produced by the radiometer and the temperature from its internal sensor were 
read and recorded. Because the radiometer was previously relatively cold and suddenly 
positioned very close to the hot surface, its temperature tended to increase. With the 
increasing of the radiometer surface temperature, distinct values of voltage were 
produced. Thus, distinct values of radiometer surface temperature and consequently 
distinct radiometer supply voltages were obtained. For each one of the calibration 
temperature points (i. e. 35°C, 65°C, 95°C and 125°C) a total of 8 distinct values of 
voltage, intrinsically related to 8 distinct values of radiometer surface temperature, were 
recorded. The average of these 8 readings produced the calibration data for that particular 
temperature point. 
The calculation of the calibration factor: 
The calibration factor of the radiometer relates the voltage it produces to the net 
radiative heat flux experienced by its surface. During a certain target temperature range, 
which in this experimental work was from 35°C to 125°C, this calibration factor (also 
called radiometer sensitivity) is approximately constant. 
Before using the voltage produced by the radiometer to calculate its calibration 
data, and subsequently its calibration factor, we have to obtain the actual value of 
radiative heat flux taking place at each moment. In this configuration, we_can recall the 
equation for the exchange of radiative heat flux between two grey and diffusely emitting 
and diffusely reflecting surfaces, Equation. 2.32: 
Rl->2 = 
Ebi - Eb2 (6.1) 
1-ýýI 
+1+ 
1-E2 
A, ei A, Fi-+2 A2 E2 
where, in this particular case: 
Chapter 6. Experimental Measurements and Comparisons 
ql-, 2 = net heat flux from radiometer surface to target surface 
Ebl = radiometer blackbody emissive power 
Eb2 = target blackbody emissive power 
el = emissivity of radiometer surface 
E2 = emissivity of target surface 
Al = area of radiometer surface 
A2 = area of target surface 
Fl-, 2 = view factor from radiometer to target 
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Although in this calibration set-up we do not have the physical situation of a real 
enclosure where Equation 6.1 is supposed to be applied, we can approximate the heat 
exchange from the radiometer to the open area as relatively null because the view factor 
from the radiometer to target is expected to be very close to unity. 
In order to obtain the value of the view factor from radiometer to target, FI_, 2, we 
can use the configuration of two coaxial parallel squares of different sides, as presented 
by Howell (1982). 
In this way, recalling the dimensions of the radiometer as 30mm x 30mm, using 
the Box 1 left surface dimensions of 240mm x 240mm and the distance from the 
radiometer to the box surface as 10mm, we determined that the view factor for this 
calibration arrangement is 0.9942. This value of view factor is then used in Equation 6.1 
in order to calculate the radiative heat flux taking place for each thermal condition during 
the calibration process. For each thermal circumstance (each moment), having the actual 
net radiative heat flux on the sensor and the voltage being produced, we can obtain the 
calibration data as: 
Calibration Data = 
Radiometer Output Voltage 
(6.2) 
Instant Net Radiative Heat Flux 
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This calibration step of the procedure was then repeated for the remaining three 
temperature points i. e. 65°C, 95°C and 125°C. The final value of calibration factor for 
each radiometer is then calculated as the average obtained from the four distinct 
calibration temperature points of 35°C, 65°C, 95°C and 125°C. This final value of 
calibration factor is then used to calculate the radiative heat flux taking place in each one 
of the measuring cells on the system internal wall, during the experimental part of this 
research program. 
Tables 6.1 and 6.2 present the detailed data concerning the calibration process for 
the two radiometers used in this work. In Appendix J, one can find the data for the two 
box surfaces thermocouples (used to calculate the target average temperature), the 
radiometer surface temperature and the radiometer supplied voltage for each calibration 
thermal condition and calibration temperature point. 
Calibration Data - Radiometer #1 
Moment 
I 35°C 65°C 95°C 125°C 
1 21.4 21.2 21.1 20.9 
2 21.2 21.2 21.1 20.9 
3 21.4 21.3 21.0 20.9 
4 21.3 21.2 21.0 20.9 
5 21.4 21.3 21.0 20.9 
6 21.3 21.2 21.0 20.9 
7 21.4 21.3 21.0 20.9 Calibration 
8 21.3 21.1 21.0 20.9 Factor 
Average 
Calibration 
Data -> 
21.353 21.241 21.041 20.908 21.136 
Table 6.1 - Calculation for the calibration factor, radiometer #1 
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Calibration Data - Radiometer #2 
Moment 
35°C 65°C 95°C 125°C 
1 21.4 21.4 21.2 20.7 
2 21.8 21.6 21.2 20.7 
3 21.8 21.6 21.2 20.7 
4 21.9 21.7 21.2 20.7 
5 21.9 21.7 21.0 20.7 
6 22.0 21.6 21.2 20.7 
7 22.0 21.6 21.2 20.6 Calibration 
8 22.1 21.6 21.2 20.6 Factor 
Average 
Calibration 
Data -* 
21.851 21.588 21.209 20.674 21.331 
Table 6.2 - Calculation for the calibration factor, Radiometer #2 
Figure 6.2 shows a picture that was taken at the moment of the calibration process 
related to one of the radiometers. It can be seen the sensor centre positioned at the 
adopted distance of 10mm far from Box 1 side wall. 
:T 
Figure 6.2 -A radiometer undergoing the calibration process 
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6.2 - Setting up the Test Rig Thermal Conditioning 
Before beginning the main laboratory thermal simulations and the respective 
radiative heat flux measurements, some operational procedures and pre-tests were 
performed in the system to verify its functional integrity. 
These first steps included: 
a complete cleaning of the internal walls by using compressed air, in order to 
get rid of any dust or other kind of particle that could have been deposited 
during the system building process and which would eventually impose some 
undesired change on the emissivity/absorptivity properties of the surfaces; 
a check of the correct temperature reading in each one of the thermocouples 
through the channels of the Temperature Data Acquisition System; 
a verification of the proper cooling water circulation and the temperature 
uniformity on the walls (see Appendix K, Table K. 21); 
the dummy boxes surfaces warming-up by progressively applying power to 
each one of the heating elements, using the Variacs from the Skin-Heater 
Power Supply; 
a verification of the level of the electric current being drawn by each one of 
the skin-heaters, to make sure that it is within its operational limit. 
For the water cooling system itself, a total inlet flow of 1.4 m3/h at a temperature 
of 14.8°C was established and, after letting it run for approximately 30 minutes, a 
temperature reading from all thermocouples was taken in order to verify the uniformity 
on the walls when no internal thermal charges were applied. During this measurement 
process the laboratory environment temperature was about 22°C. The values obtained 
from the temperature on the walls were considered satisfactory. 
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For the heating control of the dummy boxes, the power supply dedicated to each 
skin-heater was adjusted and the predicted average operating temperature was achieved 
while the enclosure walls were maintained relatively cold. This confirmed that the 
technical specifications of the Variacs and the skin-heaters and the design of the 
refrigerating system were correct. 
Even on the back (internal) side of the boxes, the enclosure wall temperature was 
satisfactorily cold showing that the techniques adopted for the conductive and radiative 
heat insulation, respectively Teflon® shoes and Multi-Layer Insulation (see Item 5.2), 
were very effective. 
The steady-state condition approach was achieved within a couple of hours with 
no major difficulties once the water supply temperature and flow could be maintained 
reasonably constant. The power supply for the Control Panel was also very stable and the 
average ambient temperature on the laboratory was practically invariable. Even so, in the 
event of small deviations appearing in the boxes temperatures, minor corrections could 
manually be performed on the Variacs' controls thereby keeping the boxes surfaces 
temperatures as close as necessary to their pre-set values. 
Once the system as a whole had proved to be reliable and capable of operating 
according to the specifications defined for the four distinct tests and with every single 
part of the experimental rig performing as designed, the tests could begin. 
6.3 - Performing the Radiative Heat Fluxes Measurements 
Considering a proper comparison of the theoretical prediction of radiative heat 
flux with the laboratory experimental data, many comprehensive situations of thermo- 
geometrical configuration must be undertaken. To this end, four distinct and 
representative conditions were selected to determine the best validation. These four 
thermo-geometrical distinct configurations, called Main Tests, are specified as follows: 
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Test 1- Original condition: 
The 3 boxes positioned as presented in Figure 4.27 holding distinct values of surface 
temperature and all having the same emissivity/absorptivity property defined by the 
Kapton® tape. 
Test 2- Change boxes surface temperatures: 
The 3 boxes are assigned different values of surface temperature in a kind of inter- 
swapping mode. 
Test 3- Change boxes layout: 
Box 1 is moved to the right corner where x= max and y=z=0. Boxes temperatures are 
as specified for Main Test # 2. 
Test 4- Change thermo-optical properties: 
Some of the box and enclosure surfaces are assigned different conditions of 
thermo-optical properties by using aluminium tape. Boxes temperatures are as specified 
for Main Test #2 
For all the four main tests, the enclosure walls were always maintained at a lower 
value of temperature (see Appendix K). The specification details between the main tests 
will be more apparent during the subsequent presentation. 
In order to get the expected reliable data from the experimental measurements, a 
systematic and careful test procedure was carried out making sure that all the 
environmental and the settled parameters were precisely monitored and constantly 
maintained under close control. Each one of the main tests demanded at least two full 
working days to be accomplished. On the first day of each test, the system was run with 
no radiative flux measurements, so as to acquire the specific setting for each one of the 
skin-heaters power supply, action required to obtain the necessary values on the three 
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dummy boxes surfaces temperatures. The result from this test is that the final settings of 
the Variacs were then used on next day to get the necessary steady state condition as 
soon as possible, in order to leave enough time for the radiative heat flux measurements 
in all the reading cells selected for the test. In this way, the real test with the flux 
measurements could be performed within its required time schedule. 
Basically, the formal procedure adopted to develop each main test for the 
radiative heat flux measurements was as follows: 
MAIN TEST DEVELOPMENT PROCEDURE: 
1. Start the flow of the main cooling water supply and adjust it to the rate of 
1.4 m3/h; 
2. Begin to warm-up the boxes surfaces by applying about 50% of their required electric 
full power; 
3. After approximately 30 minutes, adjust the Variacs final settings in order to apply the 
predicted power on each skin-heater for that particular test case; 
4. Wait to get the steady state conditions. Whenever necessary, manual adjustments 
were performed on the Variacs in order to get the specified value of average 
temperature for each box surface; 
5. With the steady state condition achieved, perform the first reading and recording of 
all the surface temperatures from the whole system using the 80-channel selector on 
the Temperature Data Acquisition System; 
6. Install the radiometer on the first measuring cell of the enclosure internal wall on the 
horizontal measuring strip selected for the test; 
7. Uniformly tighten the four hexagon nuts in order to get the proper thermal contact at 
the back of the sensor against the enclosure internal wall. Wait for temperature 
stabilisation; 
8. Using the Solarfron 7055 Voltmeter and the Omega Digital Temperature Meter, 
perform a simultaneous reading of the averaged voltage produced by the radiometer 
and its surface temperature; 
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9. Loosen the four nuts from the radiometer and carefully move it to the next cell to be 
measured; 
10. Repeat steps 7,8 and 9 for all the remaining measuring cells designated for the 
particular test case under study; 
11. After finishing the radiative heat flux measurements on all the specified cells, 
perform the final reading and recording of all the surface temperatures from the 
whole system, using the 80-channel selector on the Temperature Data Acquisition 
System; 
12. Turn off the electrical power supply to all the skin-heaters, wait for the boxes' 
surfaces to cool down below 50°C and finally close the valve from the cooling water 
supply. 
For all four main tests, the flow and thermal conditions of the cooling water 
supply was very consistent although a small fluctuation in the inlet temperature caused 
by through-the-day alterations in the weather conditions was noted. As previously stated, 
the effect of this small fluctuation on the water inlet temperature was minimised by the 
procedure of averaging the two sets of temperatures of the enclosure walls, through the 
prior- and after-the-test readings. 
The steady-state thermal conditioning of the system was achieved between two 
and three hours from the start-up of the test. As already mentioned, small variations 
observed in the temperatures of the water supply and in the laboratory room, demanded 
some action in terms of re-adjusting the Variac settings in order to maintain the boxes 
surfaces at their temperature specifications. Actually, it is important to mention here that, 
generally after three radiative heat flux readings (i. e. three cells), an overall check on all 
the boxes surface temperature was performed, to make sure that the measurements were 
being made strictly under the specified thermal circumstances. 
For the first and the final reading and recording of all the surface temperatures 
from the whole system (as stated in steps 5 and 11 of the Test Procedure), the time spent 
should not be too long due to the possibility of some variations in the thermal 
conditioning. 
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However, at the same time it could not be too short because the digital 
temperature meters needed a few seconds to show the correct and actual temperature 
values. With this concern in mind, a full 80-channel temperature reading and recording 
took on average 17 minutes to be performed. 
The installation of the radiometer on the individual cells of the enclosure walls 
needed particular and critical care and attention. The surface of the radiometer should 
never be touched and the wires not to be damaged. For the fixing of the radiometer 
assembly against the enclosure wall using the four hexagon nuts, a correct amount of 
torque applied was very important to ensure the proper thermal contact to achieve the 
necessary conditions for the stabilisation of the radiometer temperature. 
Figure 6.3 - Radiometer installed in one of the measurement cells on the internal 
surface of the enclosure, during the heat flux reading process 
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Figure 6.4 - The fixing of the radiometer against the enclosure wall by using the four 
bolts and nuts, here in the outside view 
On average, the time spent in installing the radiometer in a new cell and in 
waiting for its temperature stabilisation was between 3 and 4 minutes. Because two heat 
flux sensors were used to cover the whole set of cells, this time also included the 
operation of changing the wiring connections to the Voltmeter. The criterion used to 
consider the radiometer temperature as stabilised was that no temperature variation 
should be observed for approximately 20 seconds. 
For the reading of the output voltage from the radiometer, as its proportional 
response to the radiative heat flux impinging on its front active surface, the Voltmeter 
was programmed to produce an average value from approximately 50 scans. This average 
value was read and recorded virtually simultaneously with the reading and recording of 
the radiometer actual surface temperature. As stated elsewhere, these values of 
radiometer voltage and temperature were then used to calculate the actual value of 
radiative heat flux taking place at that particular cell location and thermal circumstances. 
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6.4 - Experimental Results and Comparison with Predictions 
The experimental data resulting from the four main tests in terms of system 
thermal conditioning and cells radiative heat flux measurements are now presented. 
Test 1 was the most extensive since it included the reading of radiative heat flux 
at three distinct high levels (strips) on the enclosure surface where y=0 (at k=3, k= 11 
and k= 19, with k being the cell position in the z-direction) and also the flux reading on 
the other remaining three laterals of the enclosure (at k= 11). This particular test was 
divided into six distinct days, including the Variac's output power setting-finding 
preparation day. 
For the Main Tests nos. 2 to 4, the radiative heat flux readings as specified for the 
strips at k= 11 on both surfaces y=0 and x= 1020mm were completely performed in 
one day for each test. 
The reason for reading radiative heat fluxes at three distinct high levels on the 
enclosure surface where y=0 (k = 3,11 and 19) in at least one of the main tests was to 
give an opportunity for the investigation of the individual contributions from boxes 1 and 
2 in terms of emission of thermal radiation. This is expected to be strongly influenced by 
the reading positioning on the z-axis. 
In the first part of each one of the main day-tests 2,3 and 4, the cells belonging to 
the enclosure surface where y=0 were first measured and the two radiometers then 
displaced starting from the borders of the surface and finishing at the centre of the 
surface. In the second part of the day-test, the two radiometers were moved to the 
enclosure surface where x= 1020 mm and the radiative heat fluxes at the same strip level 
of k= 11 were then measured, following the same philosophy of starting from the sides 
and ending at the centre of the enclosure surface. Considering the natural interference 
condition between two adjacent and perpendicular enclosure surfaces and also the 
enclosure-to-box corners, the cells positioned right next to these corners could not be 
used for the heat flux measurements and they are omitted on the data tables. 
The test procedure presented in Item 6.3 was always strictly followed. 
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TEST 1 
Test 1 comprised of five sub-tests as follows: 
a) Enclosure surfacey = 0, 
b) Enclosure surfacey = 0, 
c) Enclosure surface y=0, 
d) Enclosure surface x=0, 
Enclosure surface x =1020mm, 
e) Enclosure surface y= 720 mm, 
reading at k=3 (Bottom) 
reading at k= 11 (Centre) 
reading at k= 19 (Top) 
reading at k= 11 (Centre) 
reading at k= 11 (Centre) 
reading at k =11(Centre) 
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Following the test sequence as presented in Item 6.3, Test 1 was then carried out 
under the following circumstances: 
TEST 1 
BOXES POSITION Original, as shown in Figure 6.5 
and detailed in Table 4.13 
BOX & ENCLOSURE 
SURFACES CONDITION 
All covered with Kapton® tape, 
c=0.846 
Box 1 130°C 
BOXES TEMPERATURE Box 2 90°C 
Box 3 50°C 
Table 6.3 - Set-up conditions for Test 1 
The details and results from each one of these five sub-tests are now presented. 
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a) Test 1- Part a 
Heat Flux Measuring Location: Surface y=0, reading at k=3 (Bottom) 
630mm 
k=3 
1020 mm 
Figure 6.5 - Enclosure cells at wall y=0, to be used for the measurement of radiative 
heat flux for Test 1- Part a 
At the beginning of the test, with the thermal system under steady-state 
conditions, the first reading on the Temperature Data Acquisition System was performed. 
Next, the measurement of radiative heat flux was developed for the designated cells with 
all the radiometer voltages and surface temperature data being recorded. At the end of 
Test I- Part a, the second temperature reading from all the channels was made. 
Table 6.4 presents the values of average temperature that have been recorded for 
the three boxes active surfaces and the average from the two sets of temperature readings 
on the enclosure walls. 
Note: The full data obtained from the boxes surfaces temperature and from the 
first and second readings of the system walls temperature related to 
Test 1- Part a, and also for all other tests, are presented in Appendix K. 
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BOX 1 BOX 2 BOX 3 
130.94C 91.99C 50.94C 
ENCLOSURE WALLS 
x=0 x= 1020mm y=0 y= 720mm z=0 z= 630mm 
22.0°C 180C 22.94C 20.64C 18.64C 23.54C 
Table 6.4 - Experimental averaged temperature recorded during Test 1- Part a 
The obtained values of response voltage (see Appendix K, Table K. 2) together 
with the radiometer calibration factor are taken to a chart, where they are then used to 
calculate the actual radiative heat flux taking place on the radiometer surface, based on a 
re-arrangement of Equation 6.2 as: 
Net Radiative Heat Flux 
Radiometer Output Voltage 
Radiometer Calibration Factor 
(6.3) 
Having the values of radiative heat flux on the radiometer surface, qs, (presented 
in Table 6.5 for illustration) we can then use the approach detailed in Section 5.4 and 
summarised in Equation 5.7 to make the necessary thermo-optical corrections and 
temperature compensations to calculate the desired values of radiative heat fluxes on the 
enclosure wall, qW,. 
9W = EWQ(Tw -T, 
') 
+ 
EW 
g: (6.4) 
E, 
These values of radiative heat flux, no more based on the radiometer but now 
considered for the enclosure wall original surface, are then the final experimental values 
needed to compare with the output data from the computer numerical approach. These 
calculated values of radiative heat flux, obtained from each one of the measuring cells, 
related to Test 1- Part a, are now presented in Table 6.5. In order to compare with the 
data obtained from the numerical simulation based on the Discrete Ordinates Method, the 
average values of temperature that were measured on the simulated boxes surfaces and 
on the enclosure walls, as presented in Table 6.4, are then taken to the computer code for 
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3-dimensional complex geometries and executed. For the DOM numerical approach, the 
order of approximation S16 proposed by Lathrop and Carlson (1965) was adopted and 
used throughout this comparison phase. This particular order of approximation produces 
a number of 288 distinct ordinate directions in the unity sphere, and their cosine values 
and respective weights can be seen in Table 6.6. For the finite-difference weighting 
factor, y, the value of 0.95 was found to be the most indicated one, giving the DOM 
3-Dimensional numerical modelling the best approximation and data correlation 
The predicted values of radiative heat flux are first presented in Table 6.5 and 
then displayed graphically together with the experimental data obtained from the real 
laboratory measurements (see Figure 6.6). 
TEST 1- Part a 
RADIATIVE HEAT FLUX, W/m2 
Cell on x-axis Numerical Experimental Results Difference, 
Modelling Sensor Face Correct to Wall 
% 
2 84.9 42.5 76.7 10.7 
3 95.5 48.1 87.5 9.1 
4 107.7 53.9 98.3 9.6 
5 121.2 60.4 112.4 7.9 
6 136.5 66.4 127.5 7.1 
7 155.0 81.8 153.4 1.1 
8 178.9 91.4 175.6 1.9 
9 209.9 104.4' 199.6 5.2 
10 250.5 126.8 241.5 3.7 
11 306.2 150.1 289.1 5.9 
12 - - - - 
25 - - - - 
26 303.1 143.5 284.0 `6.7 
27 246.4 122.6 235.2 4.7 
28 206.0 102.2 194.6 5.8 
29 176.4 88.3 171.4 2.9 
30 153.4 76.2 143.5 6.9 
31 133.8 68.8 125.4 6.7 
32 116.3 58.0 105.3 10.4 
33 101.0 53.8 97.6 3.5 
Table 6.5 - Theoretical and experimental data of radiative heat flux, from Test 1-a, 
details as presented in Tables 6.3 and 6.4 
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COORDINATES (S16) 
(first quadrant) 
WEIGHTS 
(3-D) 
11 It w 
0.1364305 0.1364305 0.9812102 0.0888367 
0.1364305 0.3917822 0.9098865 0.0567956 
0.1364305 0.5370040 0.8324742 0.0448868 
0.1364305 0.6505792 0.7470832 0.0412208 
0.1364305 0.7470832 0.6505792 0.0412208 
0.1364305 0.8324742 0.5370040 0.0448868 
0.1364305 0.9098865 0.3817822 0.0567956 
0.1364305 0.9812102 0.1364305 0.0888367 
0.3917822 0.1364305 0.9098865 0.0567956 
0.3917822 0.3917822 0.8324742 0.0368034 
0.3917822 0.5370040 0.7470832 0.0296818 
0.3917822 0.6505792 0.6505792 0.0281066 
0.3917822 0.7470832 0.5370040 0.0296818 
0.3917822 0.8324742 0.3917822 0.0368034 
0.3917822 0.9098865 0.1364305 0.0567956 
0.5370040 0.1364305 0.8324742 0.0448868 
0.5370040 0.3917822 0.7470832 0.0296818 
0.5370040 0.5370040 0.6505792 0.0246508 
0.5370040 0.6505792 0.5370040 0.0246508 
0.5370040 0.7470832 0.3917822 0.0296818 
0.5370040 0.8324742 0.1364305 0.0448868 
0.6505792 0.1364305 0.7470832 0.0412208 
0.6505792 0.3917822 0.6505792 0.0281066 
0.6505792 0.5370040 0.5370040 0.0246508 
0.6505792 0.6505792 0.3917822 0.0281066 
0.6505792 0.7470832 0.1364305 0.0412208 
0.7470832 0.1364305 0.6505792 0.0412208 
0.7470832 0.3917822 0.5370040 0.0296818 
0.7470832 0.5370040 0.3917822 0.0296818 
0.7470832 0.6505792 0.1364305 0.0412208 
0.8324742 0.1364305 0.5370040 0.0448868 
0.8324742 0.3917822 0.3917822 0.0368034 
0.8324742 0.5370040 0.1364305 0.0448868 
0.9098865 0.1364305 0.3917822 0.0567956 
0.9098865 0.3917822 0.1364305 0.0567956 
0.9812102 0.1364305 0.1364305 0.0888367 
Table 6.6 - DOM S16 quadrature set as proposed Lathrop and Carlson (1965) and used 
in the comparison phase of theoretical and experimental data 
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Figure 6.6 - Comparison of results obtained from Test 1- Part a 
For this first comparison of predicted and experimental data, in this particular 
case analysed in a region located in the lower part of the enclosure surface where y=0, 
it can be seen that for both enclosure sides related to the position of Box 1 the results are 
in very good agreement perfectly following the trend of producing higher values of 
radiative heat flux as the position of the measurement cell approaches the lateral surfaces 
of Box 1. Table 6.5 actually has an additional column where the percentage differences 
between the numerical modelling predicted values and the laboratory experimental data 
are presented for analysis. From this table it can be found that the average (arithmetic 
mean) in the difference between both modelling prediction and experimental data is 
6.1 % with the highest single value of difference being 10.7 %. The standard deviation 
was calculated and found to be 2.8 %. 
Because the boxes surfaces are always warmer than the enclosure walls, the 
direction of the radiative heat flux measured at these walls obviously is from the 
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enclosure interior to the refrigerated wall surface and, in this work, the resultant minus 
sign will be omitted for simplicity. 
Recalling that these results of radiative heat flux, predicted and measured in a 
number of cells located on the enclosure wall (for this particular test case a number of 18 
distinct cells), are a consequence of the phenomenon of multi-emitting, reflecting and 
absorbing thermal radiation throughout the active surfaces of this complex geometry, 
these obtained values of difference and standard deviation can be considered as very 
good. 
It is extremely important to understand that, in order to validate this Discrete 
Ordinates Method based computer thermal modelling against the laboratory experimental 
measurements, a unique finite-difference weighting factor for the DOM approximation, 
y, is used. In this way, the adopted value of 0.95 must then simultaneously satisfy the 
predictions for all four main test cases comprising twelve distinct radiative heat flux 
curves and including all the proposed thermo-physical situations of complex geometry, 
variation of boxes temperatures, variation of surfaces optical properties and variation of 
box positioning. 
If all of these conditions are thoroughly satisfied, the approach proposed by this 
research work in terms of using the Discrete Ordinates Method to theoretically predict 
thermal data and, also, the technique to properly and accurately perform measurements of 
radiative heat fluxes in complex geometries, both can be considered as successful. 
For all the subsequent tests, including the Test 1 sub-tests -b, -c, -d, and -e, and 
the last three main tests, basically the same sequence and actions were followed and so it 
is unnecessary to repeat them here. As a consequence, mainly the tables and graphs 
containing the values of temperature and radiative heat flux will be presented. 
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b) Test 1- Part b 
Heat Flux Measuring Location: Surface y=0, reading at k= 11 (Centre) 
z 
630 mm 
k= 11 
1020 mm 
195 
Figure 6.7 - Enclosure cells at wall y=0, to be used for the measurement of radiative 
heat flux for Test 1- Part b 
BOX 1 BOX 2 BOX 3 
130.6°C 93.5°C 52.9°C 
ENCLOSURE WALLS 
x=0 x=1020mm y=0 y=720mm z=0 z=630mm 
20.6°C 18.9°C 20.0°C 19.2°C 19.4°C 22.1 °C 
Table 6.7 - Experimental averaged temperature recorded during Test I- Part b 
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TEST 1- Part b 
RADIATIVE H EAT FLUX, W/m2 Difference, Cell on x-axis 
Numerical Modelling Experimental Results % 
2 101.5 102.9 -1.4 
3 110.0 106.9 2.9 
4 117.5 114.3 2.8 
5 124.1 119.9 3.5 
6 129.7 124.0 4.6 
7 134.4 133.7 0.5 
8 139.7 139.6 0.1 
9 147.1 149.6 -1.6 
10 158.1 160.6 -1.6 
11 171.5 169.6 1.1 
12 186.0 189.9 -2.1 
13 238.0 222.4 7.0 
14 267.7 258.1 3.7 
15 285.4 287.6 -0.8 
16 295.9 304.1 -2.7 
17 301.7 314.0 -3.9 
18 304.0 316.8 -4.0 
19 303.3 315.7 -3.9 
20 299.5 310.7 -3.6 
21 292.4 301.1 -2.9 
22 281.1 283.3 -0.8 
23 263.1 252.3 4.3 
24 233.7 208.3 12.2 
25 181.9 172.5 5.5 
26 165.8 156.9 5.6 
27 149.6 145.4 2.9 
28 137.0 135.3 1.3 
29 128.7 123.9 3.8 
30 122.4 111.4 9.9 
31 115.3 104.6 10.3 
32 106.6 95.2 11.9 
33 97.1 89.9 8.0 
Table 6.8 - Theoretical and experimental data of radiative heat flux, from Test 1-b, 
details as presented in Tables 6.3 and 6.7 
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Figure 6.8 - Comparison of results obtained from Test 1- Part b 
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Figure 6.8 shows the calculated results and the experimental data. 
As expected from the predicted and measured values of heat flux in the enclosure 
cells located in the strip just above Box 1 (see Figure 6.7), both sets of results follow 
very well the increase of heat flux that takes place on those specific cells positioned 
closer to the box top surface. For this case, an average value of 2.3 % for the differences 
on the DOM prediction and the experimental data was obtained with a standard deviation 
of 4.8 %. The highest single difference value was found to be 12.2 %. The agreement 
between experimental and calculated results is very good. 
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c) Test 1- Part c 
Heat Flux Measuring Location: Surface y=0, reading at k= 19 (Top) 
Z 
k= 19 
1020 mm 
630 mm 
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Figure 6.9 - Enclosure cells at wall y=0, to be used for the measurement of radiative 
heat flux for Test 1- Part c 
BOX I BOX 2 BOX 3 
130.3°C 89.1 °C 48.9°C 
ENCLOSURE WALLS 
x=0 x=1020mm y=0 y=720mm z=0 z=630mm 
18.0°C 15.7°C 17.8°C 16.9°C 16.6°C 19.1 °C 
Table 6.9 - Experimental averaged temperature recorded during Test I- Part c 
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TEST 1- Part c 
RADIATIVE H EAT FLUX, W/m2 Difference, Cell on x-axis 
Numerical Modelling Experimental Results % 
2 117.0 111.2 5.2 
3 125.3 113.5 10.4 
4 130.2 115.7 12.5 
5 132.8 118.7 11.9 
6 133.0 120.2 10.6 
7 130.0 120.3 8.1 
8 123.8 116.5 6.2 
9 115.3 114.4 0.8 
10 115.2 112.0 2.9 
11 115.0 112.6 2.2 
12 114.3 114.0 0.2 
13 116.2 114.8 1.2 
14 119.5 117.8 1.5 
15 122.6 119.4 2.7 
16 123.8 118.5 4.5 
17 123.5 116.2 6.3 
18 122.3 115.9 5.6 
19 120.4 116.1 3.7 
20 118.0 114.9 2.7 
21 114.7 111.7 2.7 
22 110.2 107.8 2.2 
23 104.2 102.4 1.8 
24 98.1 99.2 -1.1 
25 92.9 93.2 -0.3 
26 89.1 87.4 1.9 
27 83.1 82.3 1.0 
28 77.7 78.1 -0.5 
29 74.5 73.9 0.9 
30 72.6 71.2 2.0 
31 70.1 69.5 0.9 
32 66.0 67.1 -1.6 
33 60.6 63.9 -5.2 
Table 6.10 - Theoretical and experimental data of radiative heat flux, from Test 1- c, 
details as presented in Tables 6.3 and 6.9 
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12 16 20 
Cell on x-axis 
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Figure 6.10 - Comparison of results obtained from Test I- Part c 
As can be seen from Figure 6.9, this particular test aimed to investigate the effects 
of a lower thermal radiation contribution from Box 1 at the same time as perceiving a 
higher participation of the energy emitted by Box 2 (when compared with the same 
system thermal circumstances from the previous two tests). These are analysed at a 
distinct level on the enclosure surface where y=0 (i. e. further from Box 1 and closer to 
Box 2). 
Figure 6.10 shows the comparison of experimental and calculated results. 
Although presenting a more significant demarcation between the predicted and 
measured values in the region in front of Box 2 reaching a local difference of 12.5 %, the 
average difference for the whole curve was just 3.2 % with a standard deviation of 4.0 %. 
The agreement is again very reasonable. Further analysis concerning the relatively higher 
values of theoretical and experimental difference will be presented in Section 6.5 
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d) Test 1- Part d 
Heat Flux Measuring Location: Surface x=0, reading at k= 11 
Surface x= 1020 mm, reading at k= 11 
z 
k= 11 
1020 mm 
Figure 6.11 - Enclosure cells at walls x=0 and x= 1020mm, to be used for the 
measurement of radiative heat flux for Test 1- Part d 
BOX 1 BOX 2 BOX 3 
129.1 °C 89.6°C 49.4°C 
ENCLOSURE WALLS 
x=0 x=1020mm y=0 y=720mm z=0 z=630mm 
16.7°C 14.4°C 16.0°C 15.1 °C 15.1 °C 17.8°C 
Table 6.11 - Experimental averaged temperature recorded during Test 1- Part d 
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TEST 1- Part d 
RADIATIVE HEAT FLUX, W/m2 
Cell on 
y-axis x=0 x= 
1020mm 
Numerical 
Modelling 
Experimental 
Results 
Diff., 
% 
Numerical 
Modelling 
Experimental 
Results 
Diff., 
% 
2 130.0 146.4 -11.2 150.7 171.6 13.9 
3 140.9 149.0 -5.4 161.8 176.1 8.9 
4 148.8 152.7 -2.6 169.1 179.9 6.4 
5 154.1 155.5 -0.9 173.4 181.1 4.4 
6 158.1 159.8 -1.0 175.9 179.3 1.9 
7 161.2 160.1 0.7 176.3 176.5 0.1 
8 161.8 161.3 0.3 173.7 173.2 -0.3 
9 163.2 160.7 1.5 167.4 170.2 1.7 
10 162.4 162.0 0.3 160.7 165.4 2.9 
11 163.2 161.8 0.9 157.6 163.2 3.6 
12 164.9 160.3 2.9 159.1 162.6 2.2 
13 162.8 157.6 3.3 158.3 169.7 7.2 
14 159.3 154.1 3.4 158.0 174.0 10.1 
15 156.0 151.5 3.0 160.6 176.8 10.1 
16 153.0 145.1 5.4 166.9 173.4 3.9 
17 149.8 142.6 5.1 
18 146.2 139.9 4.5 
19 142.3 135.7 4.9 
20 138.1 131.6 4.9 
21 133.0 130.8 1.7 
22 126.5 123.7 2.3 
23 118.4 120.9 -2.1 
Table 6.12 - Theoretical and experimental data of radiative heat flux, from Test 1- d, 
details as presented in Tables 6.3 and 6.11 
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Figure 6.12 - Comparison of results obtained from Test I- 
Part d, for enclosure 
wall atx=0 
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Figure 6.13 - Comparison of results obtained from Test I- Part d, for enclosure 
wall at x= 1020 mm 
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For Part d of Test 1, the analysis of radiative heat flux taking place on the 
enclosure lateral surfaces where x=0 and x= 1020mm gives the opportunity to 
appreciate the accuracy of the measurements and predictions in a distinct geometrical 
region of the 3-Dimensional test system where the thermal participation of Box 2 and 
Box 3 can be better investigated. 
In Figure 6.12, which represents the analysis in the enclosure surface where x=0, 
it is very clear that both the numerically modelled and experimental values are in very 
good agreement with the initial and the end cells on the y-axis perceiving lower heat flux 
rates once they have higher values of view factor to the cold enclosure walls at y=0 and 
y= 720 mm. For this particular curve, average differences as small as 1.0 % were found 
with a standard deviation of 3.9 %. This test case however presented a single difference 
value of 11.2 % taking place at the second cell on y-axis. 
From Figure 6.13, the comparison curves also present a certain deviation but it 
follows the correct trend in terms of the enclosure surface cell-by-cell radiative heat flux 
prediction and measurement. The 12th enclosure cell on the y-axis, wall at x= 1020 mm, 
is approximately the farthest cell in relation to Box 1 and Box 3 for that particular 
measuring strip and, as can be seen in the Figure, it holds a relatively smaller value of 
heat flux, as expected for these thermal conditions. 
For this curve, the average difference between the predicted and the experimental 
data was 5.1 % with a standard deviation value of 4.1 %. For this case, the highest single 
difference value was 13.9 %. It must be noted that this relatively high value takes place 
next to one of the corners of the 3-Dimensional enclosure, more specifically where 
x= 1020 mm and y=0. 
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e) Test 1- Part e 
Heat Flux Measuring Location: Surface y= 720 mm, reading at k= 11 
k= 11 
1020 mm 
630 mm 
Figure 6.14 - Enclosure cells at wall y= 720mm, to be used for the measurement of 
radiative heat flux for Test 1- Part e 
BOX I BOX 2 BOX 3 
129.8°C 88.6°C 49.2°C 
ENCLOSURE WALLS 
x=0 x=1020mm y=0 y=720mm z=0 z=630mm 
17.4°C 15.0°C 17.0°C 15.9°C 16.0°C 18.4°C 
Table 6.13 - Experimental averaged temperature recorded during Test 1- Part e 
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TEST 1- Part e 
RADIATIVE H EAT FLUX, W/m2 Difference, Cell on x-axis 
Numerical Modelling Experimental Results % 
2 132.3 132.0 0.2 
3 139.9 137.2 2.0 
4 144.5 140.0 3.2 
5 146.9 141.9 3.5 
6 147.2 140.8 4.6 
7 145.6 141.0 3.3 
8 143.1 137.7 4.0 
9 140.3 136.8 2.6 
10 142.4 135.5 5.1 
11 143.1 134.9 6.1 
12 141.9 136.8 3.7 
13 142.7 138.6 2.9 
14 147.3 138.2 6.6 
15 153.2 139.8 9.6 
16 157.4 148.8 5.8 
17 159.4 151.0 5.6 
18 160.3 148.3 8.1 
19 161.2 151.4 6.5 
20 162.0 150.6 7.5 
21 162.2 150.4 7.8 
22 160.8 152.7 5.3 
23 158.3 157.5 0.5 
24 158.0 161.9 -2.4 
25 162.8 167.2 -2.6 
26 171.5 174.1 -1.5 
Table 6.14 - Theoretical and experimental data of radiative heat flux, from Test 1-e, 
details as presented in Tables 6.3 and 6.13 
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Figure 6.15 - Comparison of results obtained from Test 1- Part e, for enclosure 
wall at y= 720 mm 
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For the analytical situation as specified by Test 1- Part e, Table 6.14 and 
Figure 6.15 show that a very good correlation between the predicted and the 
experimentally measured data was obtained. Although Box 2 is holding a higher value of 
temperature than Box 3 (90°C and 50°C, respectively), the larger area of Box 3 and the 
proximity of Box 1 will produce a larger amount of emitted thermal radiation. This 
consequently indicates higher values of radiative heat flux in the enclosure cells located 
next to Box 3. 
For the experimental and predicted data comparison, an average difference of 
4.1 % with a standard deviation of 3.2 % was found. In this Test I- Part e, the highest 
single difference value was 9.6 %, as can be seen in Table 6.14. 
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TEST 2 
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After the execution of Test 1, the development of main Test 2 was embarked on. 
This considers a significant change in the surface temperature of the internal boxes. The 
adopted strategy was to swap the assigned temperature value of the boxes in a kind of 
clockwise rotation (looking in a top view of Figure 6.14 for instance). The new 
specifications for the boxes temperature can be seen in Table 6.15. 
TEST 2 
BOXES POSITION Original, as shown 
in Figure 6.16 
and detailed in Table 4.13 
BOX & ENCLOSURE 
SURFACES CONDITION 
All covered with Kapton® tape, 
c=0.846 
Box 1 50°C 
BOXES TEMPERATURE Box 2 130°C 
Box 3 90°C 
Table 6.15 - Set-up conditions for Test 2 
As can be seen in Table 6.15, Box 2 now has the highest temperature while Box 1 
has the lowest value. This imposes a different level of radiative heat flux on the enclosure 
walls and extends further the predictive capability of our numerical thermal modelling. 
In terms of the radiative heat flux reading positions on the enclosure walls for 
Tests 2,3 and 4, these are now to occur on the two horizontal strips as shown in 
Figure 6.16 i. e. for the enclosure walls where y=0 and x= 1020mm respectively, always 
for the centred level at k= 11. 
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630 min 
k= 11 
1020 mm 
Figure 6.16 - Enclosure cells at wall y=0 and x= 1020mm, to be used for the 
measuring of radiative heat flux for Tests 2,3 and 4 
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For this Test 2, the thermal conditions in terms of surface temperature recorded 
during the test were as presented in Table 6.16. 
BOX 1 BOX 2 BOX 3 
51.3°C 132.1°C 91.1°C 
ENCLOSURE WALLS 
x=0 x=1020mm y=0 y=720mm z=0 z=630mm 
19.2°C 16.6°C 16.7°C 17.8°C 15.8°C 21.6°C 
Table 6.16 - Experimental averaged temperature recorded during Test 2 
Performing the heat flux evaluation with its required thermo-optical 
compensation calculation and the numerical prediction using the Discrete Ordinates 
Method, the results as shown in Table 6.17 were achieved. Figures 6.17 and 6.18 present 
graphically the predicted and experimental data for this particular Test 2. 
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TEST 2 
RADIATIVE HEAT FLUX, W/m2 
Cell Y=O x =1020 mm 
Numerical 
Modelling 
Experimental 
Results 
Diff., 
% 
Numerical 
Modelling 
Experimental 
Results 
Diff., 
% 
2 118.6 126.9 7.0 75.6 74.2 1.9 
3 126.9 130.2 2.6 81.3 75.7 7.4 
4 132.3 131.1 -0.9 86.9 80.1 8.4 
5 134.6 131.2 -2.6 92.5 84.0 10.1 
6 133.9 132.1 -1.3 98.0 89.0 10.1 
7 130.5 130.4 -0.1 103.3 94.4 9.4 
8 126.9 128.9 1.6 108.1 102.2 5.8 
9 125.3 126.6 1.0 113.1 109.7 3.1 
10 125.7 127.0 1.0 119.9 119.5 0.3 
11 124.6 126.8 1.8 129.6 130.9 -1.0 
12 123.9 129.7 4.7 142.8 140.9 1.3 
13 134.0 135.1 0.8 157.6 164.1 -4.0 
14 139.1 144.9 4.2 174.7 182.7 -4.4 
15 142.0 148.7 4.7 195.9 201.8 -2.9 
16 143.6 152.4 6.1 223.3 211.8 5.4 
17 144.2 153.1 6.2 
18 143.9 152.5 6.0 
19 142.8 151.0 5.7 
20 141.1 150.0 6.3 
21 138.9 147.5 6.2 
22 136.7 145.2 6.2 
23 134.4 140.6 4.6 
24 131.6 132.1 0.4 
25 123.9 123.6 -0.3 
26 122.8 119.8 -2.5 
27 118.8 117.8 -0.8 
28 115.8 116.0 0.2 
29 117.1 113.2 -3.4 
30 120.1 112.6 -6.2 
31 119.7 110.7 -7.5 
32 114.1 110.1 -3.5 
33 104.9 110.0 4.8 
Table 6.17 - Theoretical and experimental data of radiative heat flux, from Test 2, 
details as presented in Tables 6.15 and 6.16 
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Figure 6.17 - Comparison of results obtained from Test 2, for enclosure 
wall at y=0 
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Analysing Table 6.17 and Figures 6.17 and 6.18, which include the solution of 
radiative heat flux for two distinct enclosure walls, it can be seen that the predicted 
numerical results are in very good accordance with the experimental data. Comparing 
Figures 6.17 and 6.8 (representing results of heat flux for the same cell location on the 
enclosure wall), it is clear that the assignment of a lower value of temperature for Box 1 
simultaneously with higher temperature values for Boxes 2 and 3 will produce a 
condition of more uniformity on the flux rates taking place through the horizontal 
measuring strip, as a consequence of the central region receiving less energy from the 
now colder Box I and the borders perceiving more thermal energy coming from the 
warmer Boxes 2 and 3. For the heat flux analysis on this particular wall, an average 
difference of 1.7 % between the numerical modelling results and the experimental 
measurements was found with a standard deviation of 3.9 %. The highest single 
difference value was 7.5 %. 
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Figure 6.18 - Comparison of results obtained from Test 2, for enclosure 
wall at x= 1020 mm 
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For the comparison of radiative heat flux taking place at the enclosure wall where 
x= 1020mm as presented in Figure 6.18, the average value for the difference between 
the predicted and the practical data was 3.4 % and the standard deviation, 5.1 %. For 
these curves, the highest single value of difference was found to be 10.1 %. 
If we associate this curve with the one presented in Figure 6.13, a lower thermal 
contribution from the colder Box 1 is evident, as expected for this last condition of boxes 
temperature as presented in Table 6.15. 
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TEST 3 
In the next step in the search for a generic and arbitrary thermo-optical 
conditioning of the test set-up, an active face on one of the boxes was covered with a 
distinct kind of material so as to attain a different value of emissivity and consequently a 
distinct condition of radiative heat flux produced and emitted into the test system. 
Aluminium tape (the same as presented in Section 5.2 for the internal box thermal 
insulation and stuck to the enclosure surface) was adopted to be installed on top of this 
particular surface on Box 2. A sample of this aluminium tape was also sent for analysis to 
the National Institute for Space Research, Brazil, and its reflectivity property was 
measured and found to be 0.971. 
Simultaneously, part of the enclosure wall (recalling that it is maintained at a low 
temperature) was also covered with this kind of highly reflective tape. Looking for as 
arbitrary and critical a situation as possible, the location was chosen such that it included 
the surface of a number of actual measuring cells. Besides the natural participation in the 
reflecting of the thermal radiation, this region was also analysed under a new condition of 
measurement of the radiative heat flux. Because the adopted aluminium tape holds a 
reflective value much higher than the originally installed Kapton® tape, a significant 
drop in the net heat flux values was expected to be obtained in those particular measuring 
cells. This is one of the most interesting points to be investigation by this Test 3. 
The details concerning the exact positioning of the aluminium tape covering for 
this Test 3 is presented in Table 6.18. 
Highly Reflective Aluminium Tape Installation - Test 3 
(on active surfaces) 
- Box 2 face at y= 240mm Box 2 
- Dimension: 120mm x 240mm 
- my-axis: from y= 300mm to 510mm Enclosure surface 
x =1020mm 
in z-axis: from z= 210mm to 420mm 
Dimension: 210mm x 2lOmm 
Table 6.18 - Positioning details of the reflective tape application on test system 
active surfaces, situation to be analysed by Test 3 
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Highly Reflective 
Aluminium Tape 
2 
630 mm 
1020 mm 
Figure 6.19 - Aluminium tape application on system thermo-optical active surfaces 
For the enclosure surface, 6 out of 15 measuring cells were actually covered with 
the aluminium tape. Pictures showing the application of the aluminium tape on Box 2 
and on specified enclosure active surfaces are presented in Figures 6.20 and 6.21 
respectively. 
Figure 6.20 - The application of highly reflective aluminium tape on top of one of the 
Box 2 active surfaces 
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Figure 6.21 - The application of highly reflective aluminium tape on part of enclosure 
active surface where x= 1020mm 
Table 6.19 presents the conditions proposed for this Test 3 where, once more, the 
heat flux measurement takes place on the cells as presented in Figure 6.16. 
TEST 3 
Original, as shown in Figure 6.19 and detailed in BOXES POSITION Table 4.13 
- Most covered with Kapton® tape, E=0.846 
BOX & ENCLOSURE - 
Box 2 front surface covered with aluminium tape, 
E=0.029, as shown in Figures 6.19 and 6.20, 
SURFACES CONDITION details presented in Table 6.18 
- Part of the enclosure wall where x= 1020mm is 
covered with aluminium tape, E=0.029, as 
shown in Figures 6.19 and 6.21, with the details 
as presented Table 6.18 
Box 1 50°C 
BOXES TEMPERATURE Box 2 130°C 
Box 3 90°C 
Table 6.19 - Set-up conditions for Test 3 
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The recorded values of temperature during the execution of Test 3 are as 
presented in Table 6.20. 
BOX 1 BOX 2 BOX 3 
50.6°C 130.1 °C 90.4°C 
ENCLOSURE WALLS 
x=0 x=1020 mm y=0 y=720mm z=0 z=630 mm 
16.3°C 13.6°C 13.9°C 15.4°C 13.1 °C 19.0°C 
Table 6.20 - Experimental averaged temperature recorded during Test 3 
12 16 20 
Cell on x-axis 
24 28 32 
Figure 6.22 - Comparison of results obtained from Test 3, for enclosure 
wall at y=0 
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TEST 3 
RADIATIVE HEAT FLUX, W/m2 
Cell Y=O x =1020 mm 
Numerical 
Modelling 
Experimental 
Results 
Diff., 
% 
Numerical 
Modelling 
Experimental 
Results 
Diff., 
% 
2 93.0 96.5 3.8 76.8 75.6 1.6 
3 99.5 97.7 -1.8 82.4 80.1 2.9 
4 104.2 99.7 -4.4 88.0 83.2 5.8 
5 106.7 100.8 -5.5 93.8 88.3 6.2 
6 107.2 104.6 -2.5 99.8 92.4 8.0 
7 106.1 105.5 -0.6 105.7 99.5 6.2 
8 105.3 107.8 2.4 110.9 104.9 5.8 
9 107.2 108.5 1.2 116.0 112.3 3.3 
10 110.7 111.2 0.4 122.8 122.1 0.5 
11 112.7 114.9 1.9 4.6 4.6 -0.8 
12 114.3 118.2 3.5 5.0 5.2 -3.5 
13 126.4 127.5 0.8 5.5 5.7 -4.3 
14 133.3 136.7 2.6 6.1 6.5 -6.5 
15 137.9 146.1 6.0 6.9 7.1 -2.2 
16 141.1 151.0 7.0 7.9 7.4 6.2 
17 143.0 153.4 7.3 
18 144.0 154.4 7.2 
19 144.0 155.7 8.1 
20 143.3 155.3 8.4 
21 142.0 155.2 9.3 
22 140.5 154.7 10.1 
23 138.8 151.5 9.1 
24 136.5 143.6 5.2 
25 129.1 138.7 7.5 
26 128.3 135.5 5.7 
27 124.4 133.2 7.1 
28 121.4 130.4 7.4 
29 122.5 125.9 2.8 
30 125.3 122.4 -2.3 
31 124.8 117.5 -5.8 
32 118.9 114.8 -3.4 
33 109.0 113.6 4.2 
Table 6.21 - Theoretical and experimental data of radiative heat flux, from Test 3, 
details as presented in Tables 6.18,6.19 and 6.20 
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Figure 6.23 - Comparison of results obtained from Test 3, for enclosure 
wall at x= 1020 mm 
Analysing Figure 6.22, which represents the heat flux on enclosure wall at y=0, 
one can note a sensible reduction in the net radiative heat flux taking place on the surface 
when compared with the curve presented in Figure 6.17 as a result of the much lower 
emissive power from Box 2 front surface. 
Similarly, Figure 6.23 presents the expected significant drop in the enclosure wall 
heat flux when the analysis passes from the cells holding a high absorptive characteristic 
(Kapton® tape, e=0.846) to the cells covered by aluminium tape (e = 0.029) as shown 
in Figures 6.19 and 6.21. For both enclosure walls, very good agreement was found 
between the theoretical prediction by the Discrete Ordinates Method and the laboratory 
experimental measurements. 
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In terms of the difference in data values, for the enclosure wall where y=0 (as 
presented in Figure 6.22) an average of 3.2 % was obtained with a standard with 
deviation of 4.6 %. The highest single difference value was 10.1 %. 
For the enclosure wall where x= 1020mm (Figure 6.23), the theoretical and 
experimental data comparison produced an average value of 2.0 % with a standard 
deviation of less than 4.5 %. The highest single difference value for this case was found 
to be 8.0%. 
TEST 4 
For the last main test programmed for this research work, the validation 
assessment of the numerical modelling against the experimental measurements will be 
further stressed but now in terms of geometrical configuration. To accomplish this, Box 1 
was physically moved from its original position. This new layout condition will test the 
capability of the theoretical modelling to cope with a change in a radiative heat source 
position internally to the experimental set-up so as to determine whether the resultant 
values of radiative heat flux taking place on the enclosure walls can be predicted with 
accuracy. 
1020 mm 
Figure 6.24 - Box 1 new layout in the test system 
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Figure 6.24 shows the proposed new physical location of Box 1 in the experiment 
i. e. positioned flush at the enclosure corner where x= 1020mm and y=0. A picture of 
the real test set-up showing this modification can be seen in Figure 6.25. Table 6.22 
presents the coordinates in terms of cell number related to this Box 1 new positioning in 
the system. 
Dimension 
[mm[ 
Number 
of cells 
Position 
(cell no. ) 
x-axis: 360 12 23 -+34 
Box 1 y-axis: 300 10 1 -* 10 
z-axis: 240 8 1 -* 8 
Table 6.22 - Box 1 new cells positioning in the system. Other boxes and enclosure 
details remain the same, as presented in Table 4.13 
Figure 6.25 - Picture showing Box 1 new position into the system 
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TEST 4 
BOXES POSITION Box 1 moved to new layout as shown in Figures 
6.24 and 6.25 and also detailed in Table 6.22 
- Most covered with Kapton® tape, E=0.846 
- Box 2 front surface covered with aluminium tape, 
BOX & ENCLOSURE e=0.029, as shown in Figures 6.19 and 6.20 
SURFACES CONDITION 
- part of the wall where x= 1020 mm is covered 
with aluminium tape, e=0.029, as shown in 
Figures 6.19 and 6.21, with the details as 
presented Table 6.18 
Box 1 50°C 
BOXES TEMPERATURE Box 2 130°C 
Box 3 90°C 
Table 6.23 - Set-up conditions for Test 4 
BOX 1 BOX 2 BOX 3 
51.5QC 131.72C 91.1 QC 
ENCLOSURE WALLS 
x=0 x=1020 mm y=0 y=720mm z=0 z=630mm 
17.9QC 15.5QC 15.29C 16.9C 14.8QC 20.6QC 
Table 6.24 - Experimental averaged temperature recorded during Test 4 
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TEST 4 
RADIATIVE HEAT FLUX, W/m2 
Cell y=0 x=1020 mm 
Numerical 
Modelling 
Experimental 
Results 
Diff., 
% 
Numerical 
Modelling 
Experimental 
Results 
Diff., 
% 
2 91.7 94.0 2.6 98.3 94.9 3.6 
3 97.7 96.1 -1.6 105.6 102.4 3.1 
4 101.6 96.4 -5.1 112.1 109.6 2.3 
5 103.2 97.7 -5.4 118.5 114.6 3.4 
6 102.6 99.5 -3.1 124.7 120.6 3.4 
7 100.3 101.4 1.1 130.4 124.3 4.9 
8 98.2 100.7 2.5 135.2 130.0 4.0 
9 98.6 100.8 2.3 139.2 134.7 3.3 
10 100.1 100.0 -0.1 142.4 137.1 3.9 
11 99.2 102.1 2.9 4.9 4.9 -0.1 
12 97.8 102.5 4.8 5.3 5.4 -1.2 
13 97.3 104.5 7.4 5.7 6.0 -4.9 
14 97.9 104.4 6.7 6.3 6.7 -5.4 
15 99.3 106.2 6.9 7.0 7.2 -3.4 
16 101.0 106.5 5.5 8.0 7.5 6.0 
17 102.6 108.9 6.1 
18 104.0 110.6 6.4 
19 105.2 113.8 8.2 
20 106.9 116.9 9.3 
21 109.4 122.4 11.8 
22 112.8 128.6 14.0 
23 127.1 138.4 8.9 
24 136.5 146.6 7.4 
25 143.8 152.6 6.1 
26 148.5 156.0 5.0 
27 149.5 160.1 7.1 
28 150.0 159.5 6.3 
29 152.5 155.5 2.0 
30 155.4 150.5 -3.2 
31 154.7 147.1 -4.9 
32 148.6 141.4 -4.9 
33 137.5 135.6 -1.4 
Table 6.25 - Theoretical and experimental data of radiative heat flux, from Test 4, 
details as presented in Tables 6.22,6.23 and 6.24 
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Figure 6.26 - Comparison of results obtained from Test 4, for enclosure 
wall at y=0 
For this test case, it is observed from Table 6.25 and from Figures 6.26 and 6.27 
that the results obtained from the experimental measurements follow extremely well the 
theoretical predictions of radiative heat flux when the noted modification in the layout of 
the internal subsystem is undertaken. 
Figure 6.26 clearly shows the re-location to the right of the thermal contribution 
produced by Box I in the heat flux occurring at the enclosure wall, when compared to the 
result presented in Figure 6.22. In turn, Figure 6.27 also shows the resultant increase in 
the enclosure wall net heat flux for those cells located at lower values of y when 
compared with the results presented in Figure 6.23 i. e. when Box I was in its original 
position. 
As far as differences in the theoretical and practical values are concerned, an 
average value of 3.5 % was obtained with the standard deviation being 5.2 %. As can be 
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seen in Table 6.25, a maximum single difference of 14.0 % was produced in this 
particular comparison. 
For the comparison of results related to the enclosure wall where x= 1020 mm as 
presented in Figure 6.27, the average value for the difference between the theoretical and 
practical results was found to be 1.5 % with the standard deviation calculated as 3.6 %. 
For these curves, the highest single difference value was 6.0 %. 
Once more, it is interesting to note in this Figure 6.27 the large decrease of the 
enclosure wall heat flux when passing from the highly absorptive to the highly reflective 
surface cells. There is close agreement between the numerically predicted and the 
experimental measurement results with this sudden variation on the enclosure wall net 
heat flux. 
Figure 6.27 - Comparison of results obtained from Test 4, for enclosure 
wall at x= 1020mm 
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6.5 - Discussion of Results 
Performing a careful analysis on all twelve distinct curves representing the 
comparison results for the main tests and sub-tests developed during this research work, 
it can be seen that the data obtained from the experimental measurements follow very 
closely the associated individual values of cell heat flux predicted by the theoretical 
numerical modelling, based on the Method of Discrete Ordinates. 
For the thermal modelling numerical approach, a first and quick analysis can be 
undertaken to verify how the results from the DOM lower orders of approximation would 
compare with the obtained laboratory experimental data (as previously suggested in 
Section 3.1.2). For this analysis, the same configuration of Test 1- Part b can be adopted 
and numerical simulations using the S4 and S8 DOM approximations performed. 
The results are presented in Table 6.26 for comparison. 
From this particular Table, one can note that the DOM S8 approximation results 
produced single cell differences higher than 20% whilst, even for the lower order S4, a 
single difference exceeding 25% was obtained. 
Considering the experimental data reliability, this particular analysis proved that, 
as expected, in the prediction of thermal radiative flux in more complex 3-Dimensional 
geometries using the Discrete Ordinates Method, a higher order of approximation must 
be used in order to get the most accurate results. So, the DOM order S16 was correctly 
adopted in the development of the comparison analysis for this research work. 
During the development of the data comparison phase of this research program, 
some singular cells were identified as producing a relatively higher difference when 
comparing with the obtained averaged values. These more significant differences 
between the predicted and the experimental data were found to take place next to 
enclosure or enclosure-to-box corners (Test 1- Part d and Test 4) and also when the 
measuring cell is facing a highly emitting surface and separated by a relatively smaller 
quantity of computational control volumes (Test 1- Part c). 
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Cell on Experimental 
DOM Lower Orders of Approximation 
x-axis (Test 1- b) S4 
[W/m2l 
Diff. 
[%] 
S3 
[W/In 2] 
Diff. 
[%a] 
2 102.9 97.2 5.9 96.8 6.3 
3 106.9 94.9 12.7 106.4 0.5 
4 114.3 94.1 21.5 116.0 -1.5 
5 119.9 95.8 25.2 125.3 -4.3 
6 124.0 101.4 22.3 133.9 -7.4 
7 133.7 112.4 18.9 140.9 -5.1 
8 139.6 129.7 7.6 147.2 -5.2 
9 149.6 152.1 -1.7 154.3 -3.1 
10 160.6 176.1 -8.8 164.2 -2.2 
11 169.6 196.2 -13.5 176.7 -4.0 
12 189.9 208.2 -8.8 190.6 -0.4 
13 222.4 244.5 -9.1 238.2 -6.7 
14 258.1 275.0 -6.1 267.9 -3.6 
15 287.6 295.6 -2.7 287.4 0.1 
16 304.1 306.4 -0.7 299.5 1.6 
17 314.0 311.3 0.9 305.9 2.7 
18 316.8 313.2 1.2 307.4 3.1 
19 315.7 314.1 0.5 304.7 3.6 
20 310.7 314.0 -1.1 298.0 4.3 
21 301.1 311.2 -3.3 287.4 4.8 
22 283.3 302.9 -6.5 272.4 4.0 
23 252.3 285.6 -11.7 251.9 0.1 
24 208.3 258.2 -19.3 222.9 -6.6 
25 172.5 223.3 -22.8 177.4 -2.8 
26 156.9 209.4 -25.1 164.9 -4.8 
27 145.4 186.8 -22.2 152.7 -4.8 
28 135.3 159.8 -15.4 144.7 -6.5 
29 123.9 135.0 -8.2 140.8 -12.0 
30 111.4 117.1 -4.9 137.6 =19.1 
31 104.6 107.4 -2.7 131.0 -20.2 
32 95.2 105.3 -9.6 119.9 -20.6 
33 89.9 108.3 -17.0 105.9 -15.1 
Table 6.26 - Comparison of radiative heat flux results for 3-Dimensional complex 
geometries using DOM lower orders of approximation 
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In order to get a better understanding of the significance of the overall difference 
values obtained during the whole comparison process, including those most difficult 
ones, the following points should be noted: 
Theoretical prediction: recalling that computer thermal modelling based on the 
Method of Discrete Ordinates is a purely approximating numerical technique, it is 
quite obvious that it has its own limitations and consequently presents errors in 
relation to the real physical thermal situation taking place inside the test system; 
Practical measurements: the whole experimental process of reproducing the set-up 
thermal conditions and performing the radiative heat flux measurements can 
engender a significant amount of uncertainty and errors in relation to the actual 
thermo-physical phenomenon taking place in the experiment. 
With these considerations in mind, it is clear that we are not comparing the 
theoretical predictions or the experimental measurements against an exact analytical 
solution but, in fact, we are rather performing a comparative analysis from the 
experimental data (which inherently has its own uncertainties and sources of error) 
against a numerical thermal modelling approach, that also carries its own errors. 
We may also recognise that, in this comparison phase relating the experimental to 
the numerically predicted data, instead of using the term error it is more appropriate to 
use the term difference. 
With this in mind, Table 6.27 contains a summary of the results obtained from all 
the theoretical-experimental comparisons, performed during this phase of the research 
work. 
Considering that in the aerospace community, the great difficulty of achieving an 
accurate radiative heat flux measurements in complex geometries is recognised (ESA- 
ESTEC/Lockheed Research Labs, 1981), that heat flux measurement accuracies of ±5% 
are accepted as good (ASTM-IES Space Simulation Committee, 1971) and that errors 
up to 10.7% related to measurements of heat flux from a single heat source have been 
reported (Sweet, NASA-Langley Research Center, 1968), the obtained overall average 
value of 3.1% for the differences from the complete comparison process carried out using 
11 
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numerical approximation, not for a single source but for complex geometries, must be 
considered a very good result. 
TESTS RESULTS SUMMARY 
TEST PLOT 
AVERAGE 
DIFFERENCE 
[%] 
STANDARD 
DEVIATION 
[%] 
Test 1: Part a Fig. 6.6 6.1 2.8 
Test 1: Part b Fig. 6.8 2.3 4.8 
Test 1: Part c Fig. 6.10 3.2 4.0 
Test 1- Part d 
x= 0) ( 
Fig. 6.12 1.0 3.9 
Test 1: Part d 
(x = 1020mm) 
Fig. 6.13 5.1 4.1 
Test 1: Parte Fig. 6.15 4.1 3.2 
Test 2: y =0 Fig. 6.17 1.7 3.9 
Test 2: x =1020mm Fig. 6.18 3.4 5.1 
Test 3: y=0 Fig. 6.22 3.2 4.6 
Test 3: x= 1020mm Fig. 6.23 2.0 4.5 
Test 4: y=0 Fig. 6.26 3.5 5.2 
Test 4: x= 1020mm Fig. 6.27 1.5 3.6 
Average Values Always :56.1 % 
Standard Deviation Always S 5.2% 
Percentage of Readings with 
Difference < 10.0 % 
93.7% 
Total Number of Readings of 
Radiative Heat Flux 
285 
Table 6.27 - Summary of the results obtained during the intercomparison phase of 
radiative heat flux numerical modelling prediction and the laboratory 
experimental measurement 
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The identification of some possible sources of uncertainties and errors in both the 
numerical approach and the laboratory heat flux measurements that, in an integrating 
form, could have contributed to the data differences found through the development of 
this work can be proposed also. 
These are: 
a) for the Discrete Ordinates Method numerical modelling 
- numerical quadrature scheme: 
As pointed out by several authors (Fiveland, 1991c; Wakil and Sacadura, 1992; Kock 
et al, 1995), although the choice of quadrature set is arbitrary, significant differences 
are obtained in the solutions when using distinct sets of ordinates and the associate 
quadrature weights. 
- finite-difference weighting factor: 
As stated in Section 3.1.1, distinct values of finite-difference weighting factor ensures 
that the DOM approximation can generate different results. 
- order of approximation: 
Although increasing the order of approximation will not necessarily always improve 
the resultant data accuracy, it has been shown in the previous Chapters 3,4 and 6 that 
distinct orders of DOM will produce different results. 
- spatial discretisation: 
There is a minimum number of control volumes required in the spatial division of the 
system to produce reliable and most accurate results. Although the adopted spatial 
discretisation of 34 x 24 x 21 control volumes for this work produced the expected 
good results, perhaps a higher number of analytical cells would achieve greater 
accuracy. However, this will be at the expense of more CPU capacity and time. 
Chapter 6. Experimental Measurements and Comparisons 230 
b) for the experimental radiative heat flux measurements 
- temperature reading system: 
The surface temperature reading process (comprising the T/C wire, T/C installation 
procedure, digital meter reading and presentation, and the visual reading and 
recording) can certainly present some significant errors. 
- enclosure walls and boxes surfaces temperature uniformity: 
Considering the full size of the experimental set-up and the techniques used for the 
heating and cooling of the test system, it is extremely difficult to obtain null gradient 
values along the thermally active surfaces. During the preparation phase, the largest 
surface of Box 2 was instrumented with 9 T/C's and an analysis concerning the 
temperature uniformity during its warming-up was carried out. As expected, the 
results showed that some gradients occurred along the surface, but they were 
considered as acceptable. A photograph of this test is presented in Appendix D, 
Figure D. 10. On the data input for the computer numerical modelling, a unique 
temperature value for each system surface was used. This represented the average of 
the readings from all the T/C's installed on that particular surface. This means that the 
real thermal situation was not being exactly reproduced and implemented in the 
computer modelling and this can result in a significant source of error. 
- experiment temperature fluctuation during the heat flux measurement process: 
Although extreme care was taken during the execution of the thermal tests, small 
variations on the wall and boxes surface temperature could have occurred, leading to 
some heat flux measurement uncertainties. 
- radiometer output voltage reading: 
In spite of the fact that the voltmeter was calibrated by a recognised British 
instrument service centre just days before the execution of the experimental work, 
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this electronic equipment has its own range of uncertainty. This can induce some 
errors in the micro-voltage readings. 
The radiometer calibration process and the Kapton® and aluminium tapes 
thermo-optical measurements are expected to have introduced very little error into the 
experimental measurement operations. 
At this stage of the discussion, another kind of analysis can be carried out. 
Although careful precautions were taken to ensure that the thermal conditions were 
always kept under strict control, we can investigate a variation in the temperature of the 
test system and carry out a further analysis in order to determine the possible effects of 
this circumstance. The thermal profile of Test 1- Part b was chosen with the boxes 
temperature assigned a temperature value 1.0°C higher than those previously presented at 
the same time as a decrease of the same 1.0°C on the enclosure walls temperature. This 
particular temperature step was selected to reflect a realistic variation that eventually 
could occur in a test area. The results are presented in Table 6.28. 
As can be seen, for a significant temperature deviation of +1.0°C and -1.0°C for 
the boxes and for the enclosure wall surfaces respectively, the numerical modelling 
prediction produced a very small difference in the heat flux values, found to be on 
average 2.3%. This will not impose any significant effect in the data correlation analysis 
for the validation of this theoretical-experimental comparison process. In other words, 
even if we had included these differences in the originally obtained set of data values, we 
would still have an average of 4.6 % (instead of 2.3 %). This remains a very good 
correlation result considering the demanding task of predicting and measuring radiative 
heat flux as in complex geometries. 
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RADIATIVE HEAT FLUX, W/m2 
Cell on 
x-axis 
Original Test 1- Part b 
Predicted Results 
For Boxes Temperature plus 1.0°C 
For Wall Temperature minus1.0°C 
Difference, 
[%] 
2 101.5 103.9 2.4 
3 110.0 112.6 2.4 
4 117.5 120.3 2.4 
5 124.1 127.0 2.3 
6 129.7 132.7 2.3 
7 134.4 137.5 2.3 
8 139.7 142.8 2.2 
9 147.1 150.4 2.2 
10 158.1 161.6 2.2 
11 171.5 175.2 2.2 
12 186.0 190.0 2.2 
13 238.0 242.8 2.0 
14 267.7 273.2 2.1 
15 285.4 291.2 2.0 
16 295.9 301.9 2.0 
17 301.7 307.8 2.0 
18 304.0 310.2 2.0 
19 303.3 309.4 2.0 
20 299.5 305.6 2.0 
21 292.4 298.4 2.1 
22 281.1 286.9 2.1 
23 263.1 268.7 2.1 
24 233.7 238.7 2.1 
25 181.9 186.2 2.4 
26 165.8 169.9 2.5 
27 149.6 153.4 2.5 
28 137.0 140.6 2.6 
29 128.7 132.2 2.7 
30 122.4 125.8 2.8 
31 115.3 118.6 2.9 
32 106.6 109.8 3.0 
33 97.1 100.0 3.0 
Difference Average 2.3 
Standard Deviation 0.3 
232 
Table 6.28 - Results from a sensitivity analysis for Test 1- Part b 
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In relation to the Fortran-based computer modelling running time, the final 
program including complex geometries and multi-reflecting surfaces, using a Sun 
computer with 2Gb of RAM memory and two processors of 336MHz each, required just 
2 minutes and 10 seconds to produce the output data. This outstanding performance 
shows its attractiveness to the space laboratories and industrial engineering community. 
During the whole process related to the several weeks of experimental 
measurements not a single temperature sensor failed, with all the testing subsystems 
performing quite well. 
Finally, a photograph showing a general view of the experimental test set-up is 
presented in Figure 6.28. 
Figure 6.28 -A view of the integrated experimental set-up built in the laboratory 
CHAPTER 7 
Conclusions 
Within the aerospace community, there is a strong necessity for a fast and 
accurate method of predicting thermal radiative heat transfer in the complex 
configurations found in the design and flight tests of spacecraft. Additionally, it is 
desirable to be able to measure thermal radiative heat transfer reliably and 
straightforwardly under such conditions. 
For the assignment of theoretical thermal modelling, powerful and comprehensive 
commercial computer programs are available and commonly used but they are frequently 
found to be time consuming in terms of data programming and computer processing. 
At same time, they do not always meet the engineering needs of a practical application 
for the cases where quicker data feedback is desired. Noticing that a relatively new 
numerical method (applicable to the analysis of radiative heat transfer in basic 2- and 
3-Dimensional enclosures) has being presented by the heat transfer community in which 
fast and relevant results are produced, a fundamental question was raised as to how well 
it would be applicable to the demanding task of making accurate and quick predictions in 
the special environment found in the thermal design of spacecraft. 
For the experimental measurements of radiative heat flux, the majority of the 
space application institutions have adopted the use of radiometers where very complex 
operational procedures are involved such as to achieve the best accuracy of the results. 
Very frequently, these kinds of radiometer need their reading surface to be painted or 
prepared with the same finishing conditions as the spacecraft surfaces on which they are 
meant to be positioned. In addition, most of these radiometers require a forced 
refrigerating system in order to minimise possible errors associated with the differential 
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in temperature between the sensor and the surface to be analysed. As a result of these 
limitations, very often the installation and use of the radiometers during the spacecraft 
thermal vacuum tests are omitted and/or neglected with drastic consequences, which can 
lead to the loss of important thermal data. Being aware of the latest engineering 
developments in the design and manufacture of simple-to-use radiative heat flux sensors, 
another fundamental question was raised concerning the possible applicability of these 
radiometers to enable practical, reliable and accurate measurements under the critical 
circumstances of multi-emitting, reflecting and absorbing thermal radiation in complex 
geometries and real non-black thermo-optical properties, as found in the spacecraft flight 
tests. 
Identifying that both these theoretical and experimental tasks are in fact 
intrinsically connected with each other in terms of performance analysis, a 
comprehensive research program in the two areas was undertaken. The main tasks 
included, firstly, the development of a numerical approximation based on the Method of 
Discrete Ordinates applicable to the analysis of thermal radiation in 3-Dimensional 
complex geometries and, later on, the design and building of an experimental set-up 
capable of accommodating the thermo-geometrical configuration adopted in the thermal 
model and where the applicability and performance of a proposed methodology of 
measuring thermal radiation with simple and practical-to-use radiometers were accessed 
and investigated. 
In the first phase of the research program representing the building of the 
numerical approximation, a systematic and sequential development was embarked on to 
include the analytical steps of basic 2-Dimensional and 3-Dimensional geometries, 
complex 2-Dimensional geometries and, finally, the comprehensive and ultimate 
approach where the rectangular 3-Dimensional empty enclosure to the complex 
3-Dimensional geometries was performed and presented. The satisfactory results 
produced during the intercomparison phase executed for each one of these steps 
demonstrated that the development process was carried out following a correct criterion 
and that the final 3-Dimensional numerical model was completed and ready to be applied 
to the prediction of radiative heat flux measurements. 
For the second part of the research program, a full-size experimental thermal 
model including a number of subsystem dummies holding distinct shapes and sizes, 
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layouts and surface temperature was designed and built. For the specific task of 
measuring the resultant wall heat flux values, a dedicated program of work was carried 
out and a radiometer presenting a novel design and operating philosophy was identified 
in the market and ordered to be custom-built to the experimental modelling format. 
Considering the validation strategy of the research work, four distinct thermo- 
physical situations were computer modelled and experimentally reproduced in the 
laboratories. These diverse situations, intended to represent a most comprehensive and 
extreme set of thermal conditions found in spacecraft flight tests, included a sequence of 
assigning distinct temperature values to the system internal box surfaces, a complete 
modification of these temperature values, a modification of surface thermo-optical 
properties and, finally, a variation of the boxes physical layout in the system. 
Performing all these diverse thermal conditionings, the comparison of results 
between the numerical model and the experimental data showed that a good correlation 
was obtained. Analysing a total number of 285 cell measurements defined in the 
numerical model and reproduced in the experimental set-up, an overall average for the 
difference between the predicted and measured values of 3.1% for the complete 
comparison process was obtained. This is a good result considering the difficulties of 
predicting and measuring thermal radiation in complex geometries. The satisfactory 
theoretical-experimental data correlation corroborates for the validation of the adopted 
intercomparison strategy. 
For the proper installation and use of the radiative heat flux sensor, the proposed 
analytical approach of simultaneously correcting both the surface temperature differential 
and the thermo-optical properties is straightforward and effective. It simplifies and speed 
up the sensor installation whilst at the same time of producing reliable and consistent 
results. As far as is known, this is the first time that the difficult task of measuring 
radiative heat flux along surfaces of complex geometry has been successfully carried out 
and reported. 
In terms of application and contribution to the work of aerospace community, 
both these improvements in predicting and measuring radiative heat flux in complex 
geometries will be reported (WGSS/AIAA) and immediately introduced and applied to 
the thermal-vacuum tests of the 1.45 ton, 8.3 meters wide, remote sensing satellite under 
development by Brazil and China. Obviously, both the theoretical and experimental 
approaches developed in this work are expected to be used also in many other 
applications related to the field of radiative heat transfer. 
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Finally, it is possible to state that a numerical thermal model based on the 
Discrete Ordinates Method can produce fast and accurate radiative heat flux predictions 
in complex geometries and that a radiative heat flux measurement technique using 
standard thermal-type radiometers and adequate analytical control of the thermo-optical 
and temperature conditions is capable of producing reliable data, including the effective 
ratification of the accuracy of the DOM modelling prediction. 
CHAPTER 8 
Suggestions for Future Work 
Although having obtained the expected and desirable satisfactory results in terms 
of the validation of the complex geometry DOM numerical modelling procedure against 
the radiative heat flux measurements, during the development of this work some points 
were identified as worthy of further and deeper investigation in the direction of getting a 
better understanding of their participation in the whole analytical and experimental 
processes. It is suggested that the following areas of research are addressed in the future: 
a) for the Discrete Ordinates Method numerical modelling: 
a search for the optimum set of discrete ordinates and the associated weights, 
applicable to the analysis of radiative heat transfer in 3-Dimensional complex 
geometries; 
-a deeper investigation into the specific and critical participation of the finite- 
differencing weighting factor, y, in the accuracy of the resultant data prediction; 
- an analysis to find an optimum division for the system spatial discretisation, for a 
particular case under study. 
b) for the experimental technique of radiative heat flux measurement: 
to investigate the level of error that is introduced from the particular kind of 
radiometer used in this work for the specific case of reading solar radiation 
wavelengths with the sensor surface assumed as grey; 
- to explore the adaptability of the specified sensor O. ls response time to the 
measurement of radiative heat flux in dynamic thermal conditioning. 
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Figure A. 1- Results presented by Modest (1993) and here reproduced in Section 3.2.2 
and in Figure 3.8 
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Figure A. 2 - Results presented by Fiveland (1984) and here reproduced in Section 3.2.3 
and in Figures 3.11,3.12 and 3.13 
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Figure A. 3 - Results presented by Coelho and Carvalho (1997) and here reproduced in 
Section 3.2.4 and in Figures 3.15 and 3.16 
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Figure A. 4 - Results presented by Jamaluddin and Smith (1988a) and here reproduced in 
Section 4.1.2/a and in Figure 4.2 
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Figure A. 5 - Results presented by Sakami et al (1998) and here reproduced 
in Section 4.1.2/b and in Figure 4.3 
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Figure A. 6 - Results presented by Sanchez and Smith (1992) and here reproduced 
in Section 4.2.2, Case 6, and in Figures 4.9 and 4.10 
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Figure A. 7 - Results presented by Sanchez and Smith (1992) and here reproduced 
in Section 4.2.2, Case 7, and in Figure 4.12 
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x S4 S6 S8 
0.5 59.2 108.1 82.0 
1.5 89.4 111.8 88.8 
2.5 126.6 119.2 98.2 
3.5 165.4 132.4 114.0 
4.5 197.1 150.0 138.1 
5.5 213.9 164.1 163.9 
6.5 239.3 195.6 219.2 
7.5 273.6 221.8 252.6 
8.5 299.4 237.4 268.4 
9.5 299.4 237.4 268.4 
10.5 273.6 221.8 252.6 
11.5 239.3 195.6 219.2 
12.5 213.9 164.1 163.9 
13.5 197.1 150.0 138.1 
14.5 165.4 132.4 114.0 
15.5 126.6 119.2 98.2 
16.5 89.4 111.8 88.8 
17.5 59.2 108.1 82.0 
Table B. 1 - Prediction of radiative heat flux for the geometry as presented 
in Figure 4.14 
and Table 4.9, for distinct orders of DOM approximation, enclosure surface 
where y= 700mm - data for the building of Figure 4.15 
Level Position on z-ax is 
x k=6 k=9 k=12 
0.5 82.0 77.5 79.0 
1.5 88.8 80.0 78.3 
2.5 98.2 82.8 77.3 
3.5 114.0 87.6 77.5 
4.5 138.1 94.8 78.8 
5.5 163.9 100.4 78.2 
6.5 219.2 114.0 82.0 
7.5 252.6 124.6 86.8 
8.5 268.4 130.9 90.6 
9.5 268.4 130.9 90.6 
10.5 252.6 124.6 86.8 
11.5 219.2 114.0 82.0 
12.5 163.9 100.4 78.2 
13.5 138.1 94.8 78.8 
14.5 114.0 87.6 77.5 
15.5 98.2 82.8 77.3 
16.5 88.8 80.0 78.3 
17.5 82.0 77.5 79.0 
Table B. 2 - Prediction of radiative heat flux for the geometry as presented in Figure 4.14 
and Table 4.9, for distinct level positions on z-axis, enclosure surface where 
y= 700mm - data for the building of Figure 4.16 
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Level position on z-axis 
y k=6 k=9 k=12 
0.5 308.1 149.9 101.9 
1.5 350.6 161.9 106.7 
2.5 367.4 167.5 109.5 
3.5 367.4 167.5 109.5 
4.5 350.6 161.9 106.7 
5.5 308.1 149.9 101.9 
6.5 217.5 129.0 95.6 
7.5 180.6 121.1 95.3 
8.5 149.9 111.9 92.9 
9.5 129.5 105.1 91.4 
10.5 114.8 99.4 90.3 
11.5 101.9 92.9 88.2 
12.5 89.3 84.7 84.0 
13.5 76.8 74.9 77.5 
Table B. 3 - Prediction of radiative heat flux for the geometry as presented 
in Figure 4.14 and 
Table 4.9, for distinct level positions on z-axis, enclosure surface where x= 900mm 
Note: data for the building of Figure 4.17 
Level Position on z-axis 
x k=6 k=9 k=12 
0.5 67.9 63.5 61.4 
1.5 73.2 66.3 62.2 
2.5 79.1 68.8 62.7 
3.5 87.8 72.3 63.7 
4.5 100.3 77.0 65.4 
5.5 113.4 80.9 66.2 
6.5 139.4 88.3 69.1 
7.5 155.3 94.0 72.1 
8.5 162.9 97.4 74.4 
9.5 162.9 97.4 74.4 
10.5 155.3 94.0 72.1 
11.5 139.4 88.3 69.1 
12.5 113.4 80.9 66.2 
13.5 100.3 77.0 65.4 
14.5 87.8 72.3 63.7 
15.5 79.1 68.8 62.7 
16.5 73.2 66.3 62.2 
17.5 67.9 63.5 61.4 
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Table B. 4 - Prediction of radiative heat flux for the geometry as presented in Figure 4.14 and 
Table 4.9, for distinct level positions on z-axis, enclosure surface where y= 700mm, 
situation of reflecting walls - data for the building of Figure 4.18 
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Level Position on z-axis 
Y k=6 k=9 k=12 
0.5 182.8 102.4 75.2 
1.5 204.0 110.0 79.8 
2.5 212.2 113.6 82.5 
3.5 212.0 114.1 83.2 
4.5 203.5 111.5 82.1 
5.5 182.6 105.5 79.5 
6.5 138.9 95.0 75.7 
7.5 120.5 90.2 74.7 
8.5 104.8 84.7 72.4 
9.5 93.8 80.1 70.5 
10.5 85.5 76.1 68.8 
11.5 78.2 71.8 66.8 
12.5 71.2 66.9 63.8 
13.5 63.9 61.0 59.6 
Table B. 5 - Prediction of radiative heat flux for the geometry as presented in Figure 4.14 and 
Table 4.9, for distinct level positions on z-axis, enclosure surface where x= 900mm, 
situation of reflecting walls - data for the building of Figure 4.19 
x S4 S6 S8 
0.5 46.9 68.8 57.9 
1.5 66.6 79.5 69.7 
2.5 91.2 91.2 82.4 
3.5 118.7 105.4 97.7 
4.5 145.2 122.5 117.4 
5.5 165.8 139.4 139.8 
6.5 190.2 164.9 176.9 
7.5 214.8 182.7 197.6 
8.5 231.1 192.3 207.0 
9.5 231.1 192.3 207.0 
10.5 214.8 182.7 197.6 
11.5 190.2 164.9 176.9 
12.5 165.8 139.4 139.8 
13.5 145.2 122.5 117.4 
14.5 118.7 105.4 97.7 
15.5 91.2 91.2 82.4 
16.5 66.6 79.5 69.7 
17,5 46.9 68.8 57.9 
Table B. 6 - Prediction of radiative heat flux using distinct DOM approximations, for the conditions 
as presented in Figure 4.14 and Table 4.9, at the enclosure surface where y= 700mm 
and at z-axis level k =6, for the situation of participating medium with absorption 
coefficient K=2.0 m1- data for the building of Figure 4.20 
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Medium Absorption Coefficient, x [m l] 
x x=0.001 x=1.0 x=2.0 x=5.0 x=10.0 
0.5 82.0 68.2 57.9 39.4 26.1 
1.5 88.8 78.2 69.7 52.6 38.6 
2.5 98.2 89.7 82.4 66.2 51.4 
3.5 114.0 105.2 97.7 80.9 64.6 
4.5 138.1 126.7 117.4 97.4 78.6 
5.5 163.9 150.9 139.8 115.6 92.8 
6.5 219.2 195.8 176.9 139.1 107.7 
7.5 252.6 221.5 197.6 152.3 116.8 
8.5 268.4 233.3 207.0 158.4 121.2 
9.5 268.4 233.3 207.0 158.4 121.2 
10.5 252.6 221.5 197.6 152.3 116.8 
11.5 219.2 195.8 176.9 139.1 107.7 
12.5 163.9 150.9 139.8 115.6 92.8 
13.5 138.1 126.7 117.4 97.4 78.6 
14.5 114.0 105.2 97.7 80.9 64.6 
15.5 98.2 89.7 82.4 66.2 51.4 
16.5 88.8 78.2 69.7 52.6 38.6 
17.5 82.0 68.2 57.9 39.4 26.1 
Table B. 7 - Prediction of radiative heat flux for the geometry as presented in Figure 4.14 and 
Table 4.9, enclosure surface where y= 700mm and level positions on z-axis at k=6, 
for distinct values of absorption coefficient - data for the building of Figure 4.21 
Medium Absorption Coefficient, x [m4] 
y x=0.001 x=1.0 x=2.0 x=5.0 x=10.0 
0.5 308.1 269.4 237.7 172.7 117.4 
1.5 350.6 310.3 277.5 210.4 153.2 
2.5 367.4 327.8 295.7 230.3 174.4 
3.5 367.4 330.0 299.6 237.5 184.2 
4.5 350.6 317.4 290.0 233.3 183.7 
5.5 308.1 283.4 262.1 215.5 172.5 
6.5 217.5 208.1 198.6 173.7 146.5 
7.5 180.6 173.2 165.7 146.0 124.1 
8.5 149.9 144.6 138.6 122.0 103.3 
9.5 129.5 123.7 117.5 101.4 84.3 
10.5 114.8 107.2 99.9 83.1 67.2 
11.5 101.9 92.2 83.9 66.7 51.9 
12.5 89.3 78.0 69.0 51.7 38.2 
13.5 76.8 64.3 54.8 37.7 25.4 
Table B. 8 - Prediction of radiative heat flux for the geometry as presented in Figure 4.14 and 
Table 4.9, enclosure surface where x= 900mm and level positions on z-axis at k=6, 
for distinct values of absorption coefficient - data for the building of Figure 4.22 
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Figure C. 8 - Enclosure Lateral - Radiometer Positioning 
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Figure C.!! - Enclosure Lateral - Tubing Installation - Open 
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APPENDIX D 
Photographs from Experimental Set-Up 
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Figure D. 1 - Enclosure surface under process of hole drilling 
Figure D. 2 - Building the enclosure surfaces refrigerating system 
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Figure D. 3 - Internal face of Box 1. Skin-Heaters installation 
273 
Figure D. 4 - Box I installed in the system 
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Figure D. 5 - Internal face of Box 2. Skin-Heaters 
installation 
Figure D. 6 - Box 2 installed in the system 
Appendix D- Photographs from Experimental Set-Up 275 
Figure D. 7 - Internal face of Box 3. Skin-Heaters installation 
Figure D. 8 - Box 3 installed in the system 
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Figure D. 9 - System top view, from y=0 
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APPENDIX E 
Kapton® Tape Details 
Titan Tapes Limbed 
Tape Technology Specialists 
Whiie1ield Rood, &sdbury, 
Stockport, SK6 2QR. England. 
Telephone: 0161-494 1344 
Fox o: 0161-406 6153 
Polymidc Kapton Class II 
A Class H adhesive tape. The backing is a Polymide 
Kapton 25MY thick and the adhesive is a cross linked 
silicone Polymer resistant to high temperature with 
outstanding ageing properties. It can only be attacked by 
alkalies and strong acids. 
APPLICATIONS: " Insulation: Extreme temperature and radiation 
resistance. 
" High performance devices such as traction motors, 
turbo generators and aerospace applications with 
high temperature reserves. 
Printed cicuit board production: Tin soldering 
operations and hot air levelling. 
TECHNICAL: Total thickness: 0.060mm 
Backing thickness: 0.025mm 
Tensile strength: 40.0 N/cm 
Elocgation: 70.00% 
Temperature: 180° C Class H 
Steel Adhesion: 2.5N/cm 
Dielectric Strength: 7,000 volts 
Colours: Transparent Brown 
Unless otherwise indicated, the figures above are average values and should not be 
treated at face value for specification purposes. The Company reserves the right to 
improve products and any change in specification will result in a re-issue of the 
information sheet. Customers should satisfy themselves that the tape is suitable for 
their requirements whether after such modification or otherwise. Please check that you 
have the latest issue of the information sheet. All slitting and length tolerances are to 
British Standards but other lolcranccs are available by request. 
APPENDIX F 
Thermo-Optical Properties Measurement 
Note: All surface thermo-optical properties were performed at the Integration and 
Tests Laboratory, National Institute for Space Research, in Säo Josh dos 
Campos-SP, Brazil 
REFLECTIVITY 
Nude copper surface Kapton on copper surface 
Measure 1 0.981 0.154 
Measure 2 0.983 0.154 
Average 0.982 0.154 
Measurement Equipment: Gier Dunkle DB-100 Infrared Reflectometer 
Date: 14/07/1999 
By: Antonio Fernando Bizarro and Osvaldo Donizetti da Silva 
Table F. 1 - Thermo-optical properties measurements referent application 
of Kapton® Tape on enclosure and boxes copper surfaces 
REFLECTIVITY 
Measure 1 0.542 
Measure 2 0.541 
Average 0.542 
Measurement Equipment: Gier Dunkle DB-100 Infrared Reflectometer 
Date: 24/09/1999 
By: Osvaldo Donizetti da Silva 
Table F. 2 - Thermo-optical property measurements for the CAPTEC 
radiative heat flux sensor active surface 
Appendix F- Thermo-Qpticai Properties : Measurements 279 
REFLECTIVITY 
Measure 1 0.971 
Measure 2 0.970 
Average 0.971 
Measurement Equipment: Gier Dunkle DB-100 Infrared Reflectometer 
Date: 10/05/2000 
By: Antonio Fernando Bizarro and Osvaldo Donizetti da Silva 
Table F. 3 - Thermo-optical property measurements for the aluminium tape 
Picture F. I- Radiative heat flux sensor under then-no-optical property 
measurements process 
APPENDIX G 
Electrical and Electronics Details 
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Figure G. 1 - Skin-Heater Power Control - 2.5A Variac 
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Figure G. 3 - Control Panel Thermocouple Connection 
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Microprocessor 
Voltmeters 
7055 and 7065 
I 
Part No. 70550013 Issur I. Ik"i 1977 
------' llitSOLARTRONELLCTRONICGROUPLIMITEO 
I ARNIIORUUGH IIAMPSIIIRE ENGLAND GUI4 ]fYa 
TECHNICAL MANUAL I LL 1 ARNUOflOUG11 444: 1: 1IS1D 07571 ý-_ CARL LS SOVýRTRONEARNOOR0001I IIAN75 TI LEX 8: A745 SOLART RON I ARNUOROUGII 
Figure G. 4 - The Microprocessor Voltmeter 7055 
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General Information & Specifications 
This section contains, on pages 1.2.2 to 1.2.7, a copy of the performance specification 
applicable to the voltmeter. 
The 7065(55) has been designed and manufactured to the highest specification possible for an 
instrument of its type. Where typical figures are quoted they are realistic estimates of obtainable per- 
formance based on known component tolerances and stability. Guaranteed performance on the other 
hand is specified from the results of exhaustive tests, stringently controlled, applied to every instrument 
produced. "Worst-case" figures are quoted in many instances, hence your 7065(55) may be found 
to exhibit a performance better in some particulars than the tables suggest. However no 
additional claims are made for the instrument above that published in the current data sheet. 
GENERAL INFORMATION 7055 & 7065 
Display 
Type: 7-bar (red) light emitting diodes. 
Scale-length: Six `nines display with fixed minus sign and floating decimal point. (Five `nines' for 7055). 
Overload Indication: Flashing display 
(i. e. reading> fs. ) 
Annunciator: illuminated push buttons 
Ranging: Automatic or manual on local operation, as commanded on Remote. Redundant leading 
zeros, except that immediately preceding the decimal point, are blanked. Trailing zeros 
not significant for the scale length in use are also blanked. 
Ranging Points for 7065: Ranging Points for 7055: 
Range-up> 1400000 digits reading approx. Range-up> 210000 digits reading approx. 
Range-down < 120000 digits reading approx. Range-down < 18500 digits reading approx. 
(Over-range 40%) (Over-range 100%) 
N. B. Excessive series mode signals may cause range-up to occur earlier as 
the autoranging system accommodates low frequency AC signals. 
Environment Power Supply 
Working Temperature Range: 0 to +50°C Voltage: 100 to 264V (no mains selector) 
Storage Temperature Range: -30°C to +70°C Frequency: 50,60 or 400llz t 3% 
Maximum Relative Humidity: 70% at 40°C selected by links 
Consumption: 55VA 
Fuse: 800mA Slo Blo 
Dimensions Safety 
Width: 443mm (17.4 ins) This instrument conforms to IGC 348 recummcndatlons. 
Height: 88mm (3.5 ins) 
Depth: 460nn (18.3 ins) 
Weight: 10kg (22Ibs) 
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Specification 
DC VOLTAGE SPECIFICATION 7055 
Manufacturcrs Calibration tcmpcralurc 20°C 
5x9 Scale Length GUARANTEED PERFORMANCE 
Digital Filter selected, 160ms integration time. 
Nominal Input Displayed Limits of Error Input 
Range Sensitivity Full Scale 24 firs s VC 6 ninth s 5°C I yr s 5°C Resistance 
1 (%rdg. fdigits t %rdg. +digits 11% rdg. "digits 
10mV IMV 0.020000V 0.002 4 
100mV lyV 0.200000V 0.002 4 
IV 101, V 2.00000 V 0.002 2 
10V 1001, V 20.0000 V 0.002 2 
100V lmV 200.000 V 0.002 2 
1000V 10mV 2000.00'V 0.002 2 
*maximum input 1000V 
REDUCED SCALE LENGTH 
Digital Filter selected, 160ms integration time. 
Scale 
Length 241ui t 1°C 
4x9 t (0.008% tdg +2 digits + 2p V 
3x9 t2 digits 
Input Current: Typically < 2OpA at 20°C 
0.008 4 0.01 4> IOOMn 
0.008 4 0.01 4> 1Cn 
0.008 2 0.01 2> IOGn 
0.008 2 0.01 2> 10Cn 
0.008 2 0.01 2 10Mn 
0.008 2 0.01 2 10Mn 
-Limits of Error (all ranges) 
6 mnth t S°C l yr t S'C 
t[OO1%rdg+2digits +2MV] t(0.01%rdg+2digits+2, VJ 
*2 digits t2 digits 
Overload protection 
Autorange: 1.1 kV 
Command ranges 
up to 10V: 350V 
100 & 1000V: 1.1 kV 
Maximum Reading Rate: 
Scale length 6x9(7065) Sx9 4x9 3x9 
Readings per second 6 43 182 330 
Temperature Coefficient (per °C) 
Need be applied only when operating 
beyond the temperature limits quoted 
under Limits of Error. 
Range <i(Srdg+digitr( 
10mv to l ov 0.008 0.1 (7065) 
100 & 1000V 0.001 0.1 
All ranges <±0.0015% rdg (7055) 
Zero offset <tO. 2pV 
High Speed Operation 
Without Digital Filter, at all scale 
lengths add i 125µV +l digit] 
to the quoted Limits of Error 
286 
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UNIVERSAL INSTRUMENT SERVICES LTD UNIVERSAL 
AI ti I'0N1 Site, Cambridge Road, AU 0110 275 0123 
Whetstone, Leicester I, I: If 61'. A Ulm 0 110 275 2887 
C1; RT=E"'=CATI; Or CAL=I31tAT=ON 
Date of issue: 8th MARCH 2000 Certificate Number: 00140342 Page 1 of 2 
---------------------------------------------------------------------------------------- 
Acc No. : UNI006 
Customer: Loughborough University 
Ashby Rd 
Loughborough 
Operator: GBA 
Our. Ref: 146219 
Manufacturer: Solartron/Schlumberger 
Description: Digital Multimeter 
Model: 7055 
Serial No: 000812 
Asset No: MEA1601 
Order No: 62723b/ME/JG 
CONDITION OF INSTRUMENT 
Within manufacturers specification for accuracy* on receipt Y 
The instrument was adjusted N 
The instrument was repaired N 
Within manufacturers specification for accuracy* on despatch Y 
* at the measured points subject to the measurement uncertainty. 
ADDITIONAL COMMENTS 
STABILITY 
The readings given are the results at the time of calibration and do not 
carry any implication regarding the long term stability of the instrument. 
ACCREDITATIONS 
This calibration was carried out in accordance with our current 
accreditations of BS EN ISO 9002: 1994. 
PROCEDURE 
Conform to the Quality assurance requirements for measuring equipment 
BS EN 30012-1: 1994. UIS procedure CP7.3.2 
ENVIRONMENT 
The instrument was calibrated maintaining ambient conditions of 
20 deg C +1- 2 deg C. 
TRACEABILITY 
The reported tests were undertaken using equipment detailed below for which 
the company maintains traceability to National Standards by means of 
certificates issued by a UKAS accredited laboratory. 
TEST EQUIPMENT USED 
Asset No. Description Certificate No. Expiry date 
ID154 FLUKE 5700A CALIBRATOR NAMAS 14328 25IFEB12001 
Figure G. 7 - Voltmeter Certificate of Calibration 
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Date of issue: 8th MARCH 2000 Certificate Number: 00140342 Page 2 of 2 
-------------------------------------------------------------------------------------- 
RANGE 
APPLIED APPLIED TOLERANCE INSTRUMENT 
VALUE FREQ. MINIMUM MAXIMUM READING P/F 
0.1VDC 0.200000V1)C 0.199981 0.200019 0.199983 P 
1VDC 2.00000VDC 1.99982 2.00018 1.99996 P 
1VDC -2.00000VDC -2.00018 -1.99982 -1.99993 P 
10VDC 20.0000VDC 19.9983 20.0017 19.9996 P 
10VDC 18.0000VDC 17.9985 18.0015 17.9995 P 
10VDC 16.0000VDC 15.9986 16.0014 15.9994 P 
10VDC 14.0000VDC 13.9988 14.0012 13.9996 P 
10VDC 12.0000VDC 11.9989 12.0011 11.9991 P 
10VDC 10.0000VDC 9.9991 10.0009 9.9996 P 
10VDC 8.0000VDC 7.9993 8.0007 7.9997 P 
10VDC 6.0000VDC 5.9994 6.0006 5.9997 P 
10VDC 4.0000VDC 3.9996 4.0004 3.9998 P 
10VDC 2.0000VDC 1.9997 2.0003 1.9998 P 
100VDC 200.000VDC 199.983 200.017 199.996 P 
1000VDC 1000.00VDC 999.91 1000.09 999.96 P 
0.1VAC 0.200000VAC 100Hz 0.199760 0.200240 0.200051 P 
1VAC 2.00000VAC 100Hz 1.99760 2.00240 2.00029 P 
1VAC 2.00000VAC 1kHz 1.99760 2.00240 1.99986 P 
1VAC 2.00000VAC 5kHz 1.99760 2.00240 1.99981 P 
1VAC 2.00000VAC 10kHz 1.99760 2.00240 1.99975 P 
1VAC 2.00000VAC 20kHz 1.99360 2.00640 1.99978 P 
1VAC 2.00000VAC 50kHz 1.99360 2.00640 1.99874 P 
10VAC 20.0000VAC 100Hz 19.9640 20.0360 19.9750 P 
10VAC 20.0000VAC 1kHz 19.9640 20.0360 19.9696 P 
100VAC 200.000VAC 100Hz 199.660 200.340 199.694 P 
1000VAC 500.00VAC 100Hz 498.80 501.20 499.11 P 
lkn 1.00000kfl 0.99981 1.00019 0.99997 P 
lOkR 10.0000kß 9.9983 - 10.0017 10.0004 P 
100kn 100.000kS2 99.983 100.017 100.003 P 
1000kn 1000.00kS2 999.81 1000.19 1000.09 P 
10000kII 10000. OkR 9995.6 10004.4 9999.9 P 
The tolerances given relate to the manufacturers 1 year spec. for accuracy. 
The AC wave-form throughout the test was substantially sinusoidal. 
The uncertainties of the instrument under test includes those that are 
attributable to the standards used together with those contributed by 
personnel, procedures and environment and are estimated not to exceed: 
FUNCTION RANGE FREQUENCY UNCERTAINTY 
DC Voltage 0-1000V +/-(25ppm + luV +1 digit) 
AC Voltage O. 1V-500V 10OHz-5OkHz +/-(0.0552 +2 digits) 
Resistance 1kOhms-1OMOluns +/-(O. O1I +5 digits) 
Calibrated by ... r?: ýýS ..... .. 
Universal Instrument Services Ltd. 
Figure G. 8 - Voltmeter Certificate of Calibration 
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Figure H. 1- Thermocouple Location on Boxes Surfaces 
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Figure H. 2 - Thermocouple Location on Lateral Enclosure Walls 
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Figure H. 4 - Thermocouple Location on Top and Bottom Enclosure Walls 
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Table I. 1 - Technical Data of Some Heat Flux Sensors (Cont. ) 
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Target Active Area [m2] 0.0720 
Target Surface Emissivity 0.846 
Sensor Active Area [m2] 0.0009 
Sensor Surface Emissivity 0.458 
View Factor from Sensor to Target 0.9942 
Table J. 1 - Common Data for the Calibration Process of the Radiometers 
Note: For the Target Temperature data as presented in the radiometer calibration tables 
the first row shows the temperature values for the Box 1 T/C 1 while the second 
row presents the temperature values for the Box 1 T/C 2. For the calculation of 
the radiative heat flux taking place at the sensor surface, it was used the arithmetic 
mean of these two temperature values 
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Moment 1 2 3 4 5 6 7 8 
RAD. M Target Temp. 35.2 35.5 35.4 35.6 35.5 35.6 35.6 35.7 
[°C] 35.5 35.6 35.6 35.7 35.7 35.7 35.7 35.8 #1 
Sensor Temp. 17.1 17.3 17.6 17.9 18.2 18.4 18.6 18.8 
[-Cl 
Heat Flux at 
Sensor Surface 50.7 50.8 49.9 49.6 48.7 48.3 47.8 47.6 
lwlm2j CAL. 
emf. [}tV] 1088.0 1080.0 1069.0 1056.0 1040.0 1031.0 1023.0 1015.0 DATA 
U Sensitivity 4 21 21 2 21.4 21.3 21.4 21.3 21.4 21.3 21.353 [j AVm :] . . 
Moment 1 2 3 4 5 6 7 8 
RAD . v Target Temp. 66.0 66.2 66.1 66.3 66.3 66.3 66.3 66.5 
[°C] 67.0 67.2 67.1 67.4 67.3 67.5 67.5 67.8 #I 
Sensor Temp. 20.8 21.8 22.8 23.6 24.4 25.0 25.6 26.2 
[, Cl 
7, 
O Heat Flux at 
Sensor Surface 151.2 149.3 146.3 145.1 142.7 141.5 139.9 139.2 
[W/m2] CAI.. 
e m f [ W] 3208 0 3167 0 3122.0 3079.0 3040.0 3004.0 2972.0 2944.0 
DATA 
. . . } . . 
U Sensitivity 21 2 21 2 21.3 21.2 21.3 21.2 21.3 21.1 21.241 
[AV/Wm z] . . 
Moment 1 2 3 4 5 6 7 8 
RAD _ q Target Temp. 95.7 95.8 95.8 95.8 95.8 95.8 95.8 95.8 
[°C] 97.6 97.8 97.8 97.8 97.8 97.9 97.9 98.0 #1 
Sensor Temp. 25.4 27.0 28.4 29.4 30.2 31.0 31.8 32.4 [°C] 
p Heat Flux at 
Sensor Surface 278.3 274.6 270.7 267.8 265.5 263.5 261.1 259.6 
[Wh'] CAL 
e m. L [AV] 5863.0 5788.0 5698.0 5634.0 5586.0 5541.0 5492.0 5455.0 
DATA 
V / & gvity 
21 1 21.1 21.0 21.0 21.0 21.0 21.0 21.0 21.041 W LV [µVAVm 2] . 
Moment 1 2 3 4 5 6 7 8 
I ). RA 
Target Temp. 124.3 124.2 124.1 124.4 124.5 124.7 124.7 124.8 
[°C] 126.0 125.9 125.6 125.6 125.6 125.5 125.5 125.5 #I 
SensorTemp. 
° 30.6 32.6 34.4 36.2 38.0 39.2 40.2 41.0 [ CJ 
C I [eat flux at 
Sensor Surface 430.9 424.4 417.7 413.2 408.0 404.6 401.4 399.2 
[WhA CAI.. 
e. m. f. [µV] 9002.0 8864.0 8736.0 8628.0 8538.0 8464.0 8398.0 8350.0 DATA 
Ü Scnv6ty 
IAVAVm- ] 20.9 20.9 20.9 20.9 20.9 20.9 20.9 20.9 20.908 
Table J. 2 - Data Referent Calibration Process of Radiometer #1 
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Moment 1 2 3 4 5 6 7 8 
RAD. M TargetTemp. 36.0 36.0 36.0 35.8 35.8 35.7 35.7 35.7 
[°C] 35.8 35.7 35.7 35.5 35.6 35.5 35.5 35.5 #2 
Sensor Temp. 2 15 16.0 16.6 17.2 17.6 18.0 18.4 18.8 
[°C] . 
Heat Flux at 
Sensor Surface 57.1 55.0 53.5 51.4 50.4 49.2 48.2 47.1 
[Whm2] CAI.. 
e. m. f. [ tV] 1224.0 1197.0 1164.0 1125.0 1104.0 1083.0 1060.0 1038.0 DATA 
Sensitivity 
21 4 21 8 21.8 21.9 21.9 22.0 22.0 22.1 21.851 [}gV/Wm-ý] . . 
Moment 1 2 3 4 5 6 7 8 
RAD 
Target Temp. 65.6 65.7 65.7 65.7 65.8 65.9 65.9 65.8 
. 
n [°C] 65.5 65.6 65.7 65.6 65.7 65.8 
65.8 65.7 #2 
Sensor Temp. 19.0 20.2 20.8 21.2 21.8 22.2 22.6 23.2 
10C] 
Beat Flux at 
Sensor Surface 152.0 149.2 147.9 146.5 145.3 144.8 144.0 141.7 
[W/m2] CAI.. 
m f. [ V] 3247 0 3218 0 3195.0 3174.0 3149.0 3131.0 
3110.0 3062.0 DATA 
. e A . . 
Sensitivity 21 4 21.6 21.6 21.7 21.7 21.6 21.6 21.6 21.588 
[}tV/Wm I . 
Moment 1 2 3 4 5 6 7 8 
RAI) U 
to Target Temp. 95.4 95.5 95.5 95.5 95.4 95.5 95.5 95.7 . 
Ch [°C] 95.0 95.0 95.1 95.1 95.1 95.2 95.3 95.4 #2 
Sensor Temp. 23.2 24.2 25.2 26.0 25.8 27.6 28.2 28.8 
I-Cl 
p Ileat Flux at 
Sensor Surface 276.9 274.4 271.8 269.7 270.2 265.5 264.1 263.2 
[Whn2] CAL. 
4 
emL [ V] 5873 0 5831 0 5776.0 5730.0 5682.0 5639.0 5609.0 5583.0 DATA .t . . 
Sensitivity 2 21 21.2 21.2 21.2 21.0 21.2 21.2 21.2 21.209 
[}LV/Wm-2] . 
Moment 1 2 3 4 5 6 7 8 
ItAI . Target Temp. 125.3 125.4 125.4 125.3 125.3 125.3 125.2 125.2 
[°C] 125.6 125.7 125.7 125.8 125.7 125.8 125.8 125.9 #2 
Se" ý Temp. 26.4 27.8 28.8 29.8 31.0 31.8 32.6 33.4 
Heat Flux at 
Sensor Surfure 444.8 441.5 438.7 436.0 432.0 430.0 427.7 425.6 
[Whn2] CAI. 
em. [ [}N] 9193.0 9142.0 9092.0 9022.0 8933.0 8884.0 8826.0 8778.0 DATA 
Sensitivity 
W ? 20.7 20.7 20.7 20.7 20.7 20.7 20.6 20.6 20.674 DWW m ] 
Table J. 3 - Data Referent Calibration Process of Radiometer #2 
APPENDIX K 
Temperature, Voltage and Heat Flux 
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Table K. 1- BOXES AND ENCLOSURE SURFACE TEMPERATURE READINGS 
TEST 1- Part a 
T/C TEMP. 
[°C] 
1 129.1 
2 132.0 
B 3 131.2 
4 132.9 
0 
5 134.0 
X 6 126.2 
7 129.9 
1 8 132.2 
Avg. 130.9 
Sdv. 2.5 
9 95.0 
10 91.9 
B 
11 87.8 
12 92.2 
0 13 93.0 
X 14 89.7 
15 90.7 
2 16 95.0 
Avg. 91.9 
Sdv. 2.5 
17 48.8 
18 52.0 
19 52.0 
B 20 48.8 
0 21 51.3 
X 22 52.3 
23 - 
3 24 - 
25 - 
Avg. 50.9 
Sdv. 1.6 
Avg. = Average 
Sdv. = Standard Deviation 
FR = First Reading 
SR = Second Reading 
TIC TENIP. [*Cl 
FR SR 
26 22.9 22.7 
27 21.2 20.6 
28 29.1 28.7 
29 25.9 25.9 
30 23.8 23.0 
0 31 20.8 20.6 
32 21.0 21.0 
33 22.1 21.9 
34 21.8 21.6 
35 21.4 21.4 
Avg. 22.9 
Sdv. 2.6 2.6 
36 22.2 21.8 
37 21.0 20.8 
38 22.1 21.7 
39 21.3 21.1 
40 19.6 19.8 
ý 
41 19.9 19.9 
tt 42 20.0 19.6 
43 20.6 20.0 
44 19.6 19.4 
Avg. 2 0.6 
Sdv. 0.9 1.0 
45 24.3 23.7 
46 23.9 23.9 
47 23.0 23.2 
48 22.5 22.3 
49 21.2 20.8 
u 50 21.8 21.4 
51 20.7 20.5 
52 19.1 18.9 
Avg. 22.0 
Sdv. 1.8 1.7 
T/C TEMP. [*Cl 
FR SR 
53 20.5 20.3 
54 19.9 19.5 
55 19.6 19.4 
56 18.3 18.3 
57 17.7 17.7 
° 58 18.4 18.4 
59 17.1 16.9 
60 17.6 17.4 
Avg. 1 8.6 
Sdv. 1.2 1.2 
61 20.1 19.9 
62 17.9 17.9 
63 19.6 19.2 
64 18.4 18.0 
65 19.5 19.3 
c 66 18.7 18.5 
n 
N 67 17.5 17.3 
68 18.0 17.8 
69 18.4 18.4 
70 18.9 18.7 
Avg. 1 8.6 
Sdv. 0.8 0.8 
71 25.8 25.6 
72 23.4 23.4 
73 23.8 23.6 
74" 21.3 21.5 
75 22.7 22.9 
76 23.3 23.1 
u 
N 77 23.1 22.7 
78 25.4 25.0 
Avg. 2 3.5 
Sdv. 1.3 1.4 
Rl 79 
R2 80 
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RADIATIVE HEAT FLUX READING AND CALCULATION DATA 
TEST 1- Part a 
Cell Voltage 
Reading [µV] 
Enclosure 
Wall Temp. 
Sensor 
Surface 
Temp. 
[°C] 
Sensor 
Sensor 
Calibration 
Factor 
[µV / Wm'2] 
Net Heat 
Flux on 
Sensor 
Surface 
W/m 
Net Heat 
Flux on 
Enclosure 
Wall 
W/m 
2 906.0 22.9 22.5 2 21.331 42.5 76.7 
3 1025.0 22.9 22.6 2 21.331 48.1 87.5 
4 1149.0 22.9 22.6 2 21.331 53.9 98.3 
5 1289.0 22.9 23.0 2 21.331 60.4 112.4 
6 1417.0 22.9 23.8 2 21.331 66.4 127.5 
7 1745.0 22.9 23.3 2 21.331 81.8 153.4 
8 1950.0 22.9 24.2 2 21.331 91.4 175.6 
9 2227.0 22.9 24.2 2 21.331 104.4 199.6 
10 2705.0 22.9 24.3 2 21.331 126.8 241.5 
11 3202.0 22.9 25.2 2 21.331 150.1 289.1 
26 3032.0 22.9 26.6 1 21.136 143.5 284.0 
27 2591.0 22.9 24.6 1 21.136 122.6 235.2 
28 2161.0 22.9 24.0 1 21.136 102.2 194.6 
29 1867.0 22.9 24.5 1 21.136 88.3 171.4 
30 1610.0 22.9 23.4 1 21.136 76.2 143.5 
31 1455.0 22.9 22.5 1 21.136 68.8 125.4 
32 1225.0 22.9 22.5 1 21.136 58.0 105.3 
33 1137.0 22.9 22.5 1 21.136 53.8 97.6 
Note: Net heat flux on enclosure wall calculated following approach presented in Section 5.4, 
Equation 5.7 
Table K. 2 - Heat Flux Reading and Calculating Data Referent Test I= Part a 
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Table K. 3 - BOXES AND ENCLOSURE SURFACE TEMPERATURE READINGS 
TEST 1- Part b 
TIC TEMP. 
[°CII 
1 129.8 
2 131.0 
B 3 129.7 
4 132.2 
0 
5 133.7 
X 6 126.3 
7 130.0 
1 8 132.0 
Avg. 130.6 
Sdv. 2.2 
9 96.5 
10 93.5 
B 
11 89.4 
12 93.7 
0 
13 94.9 
X 14 92.3 
15 91.7 
2 16 96.2 
Avg. 93.5 
Sdv. 2.4 
17 50.2 
18 54.1 
19 54.0 
B 20 50.5 
0 21 53.3 
X 22 55.0 
23 - 
3 24 - 
25 - 
Avg. 52.9 
Sdv. 2.0 
Avg. = Average 
Sdv. = Standard Deviation 
FR = First Reading 
SR = Second Reading 
TIC TEMP. [*Cl 
FR SR 
26 20.9 21.5 
27 19.0 19.8 
28 19.3 20.1 
29 20.5 20.9 
30 21.3 22.0 
31 18.5 19.5 
u 32 18.5 19.6 
33 19.3 20.5 
34 19.3 20.3 
35 18.8 20.0 
Avg. 2 0.0 
Sdv. 1.0 0.8 
36 19.7 20.7 
37 18.5 19.7 
38 20.0 20.9 
39 19.3 20.3 
40 18.3 19.2 
ý 
41 18.1 19.0 
ýi 42 18.0 19.0 
43 18.3 19.3 
44 17.7 18.7 
Avg. 1 9.2 
Sdv. 0.8 0.8 
45 21.5 22.3 
46 21.4 22.3 
47 21.1 22.0 
48 20.7 21.4 
0 49 19.3 20.2 
st 50 19.9 20.4 
51 19.1 20.0 
52 18.0 19.0 
Avg. 2 0.6 
Sdv. 1.3 1.2 
T/C TEMP. [°C] 
FR SR 
53 19.7 20.4 
54 19.0 19.8 
55 19.3 20.0 
56 18.2 19.0 
N 57 18.0 18.4 
° 58 19.2 19.0 
11 59 18.1 18.1 
60 18.6 18.4 
Avg. 1 8.9 
Sdv. 0.6 0.8 
61 22.0 21.7 
62 19.3 18.9 
63 21.8 21.1 
64 19.4 19.2 
65 20.7 20.1 
CD 66 19.0 19.0 
u 
N 67 17.4 18.1 
68 17.8 18.4 
69 18.0 18.6 
70 17.9 18.8 
Avg. 1 9.4 
Sdv. 1.7 1.2 
71 24.7 25.3 
72 21.5 22.5 
73 22.3 23.0 
ý 74' 19.2 20.4 
75 20.9 21.8 
76 20.8 21.6 
11 
77 20.6 22.0 
78 23.1 24.1 
Avg. 22.1 
Sdv. 1.7 1.5 
R1 79 
R2 80 
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RADIATIVE HEAT FLUX READING AND CALCULATION DATA 
TEST 1- Part b 
Cell Voltage Reading [µV] 
Enclosure 
Wall Temp. 
[°C] 
Sensor 
Surface 
Temp. 
[°C] 
Sensor 
Sensor 
Calibration 
Factor 
[µV / Wni=] 
Net Heat 
Flux on 
Sensor 
Surface 
W/m2 
Net Beat 
Flux on 
Enclosure 
Wall 
W/ml 
2 1124.0 20.0 21.1 2 21.331 52.7 102.9 
3 1170.0 20.0 21.1 2 21.331 54.8 106.9 
4 1244.0 20.0 21.3 2 21.331 58.3 114.3 
5 1309.0 20.0 21.3 2 21.331 61.4 119.9 
6 1362.0 20.0 21.2 2 21.331 63.9 124.0 
7 1468.0 20.0 21.3 2 21.331 68.8 133.7 
8 1530.0 20.0 21.4 2 21.331 71.7 139.6 
9 1640.0 20.0 21.5 2 21.331 76.9 149.6 
10 1762.0 20.0 21.6 2 21.331 82.6 160.6 
11 1866.0 20.0 21.6 2 21.331 87.5 169.6 
12 2083.0 20.0 21.9 2 21.331 97.7 189.9 
13 2637.0 20.0 18.7 2 21.331 123.6 222.4 
14 3039.0 20.0 18.9 2 21.331 142.5 258.1 
15 3396.0 20.0 18.6 2 21.331 159.2 287.6 
16 3598.0 20.0 18.4 2 21.331 168.7 304.1 
17 3668.0 20.0 19.2 2 21.331 172.0 314.0 
18 3650.0 20.0 19.5 1 21.136 172.7 316.8 
19 3648.0 20.0 19.3 1 21.136 172.6 315.7 
20 3574.0 20.0 19.6 1 21.136 169.1 310.7 
21 3464.0 20.0 19.6 1 21.136 163.9 301.1 
22 3261.0 20.0 19.6 1 21.136 154.3 283.3 
23 2867.0 20.0 20.3 1 21.136 135.6 252.3 
24 2386.0 20.0 19.9 1 21.136 112.9 208.3 
25 2015.0 20.0 19.2 1 21.136 95.3 172.5 
26 1715.0 20.0 21.4 1 21.136 81.1 156.9 
27 1605.0 20.0 21.0 1 21.136 75.9 145.4 
28 1506.0 20.0 20.7 1 21.136 71.3 135.3 
29 1382.0 20.0 20.6 1 21.136 65.4 123.9 
30 1244.0 20.0 20.5 1 21.136 58.9 111.4 
31 1188.0 20.0 20.1 1 21.136 56.2 104.6 
32 1087.0 20.0 20.0 1 21.136 51.4 95.2 
33 1009.0 20.0 20.3 1 21.136 47.7 89.9 
Note: Net heat flux on enclosure wall calculated following approach presented in Section 5.4, 
Equation 5.7 
Table K. 4 - Heat Flux Reading and Calculating Data Refcrcnt Test 1- Part b 
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Table K. 5 - BOXES AND ENCLOSURE SURFACE TEMPERATURE READINGS 
TEST 1- Part c 
T/C TEMP. 
[°Cl 
1 129.4 
2 130.9 
B 3 129.0 
4 131.7 
O 
5 134.3 
X 6 126.9 
7 129.1 
1 8 131.3 
Avg. 130.3 
Sdv. 2.2 
9 92.2 
10 90.3 
B 
11 86.4 
12 88.9 
O 13 90.1 
X 14 87.9 
15 86.3 
2 16 90.3 
Avg. 89.1 
Sdv. 2.1 
17 46.7 
18 49.8 
19 50.0 
B 20 46.9 
0 21 49.0 
X 22 50.8 
23 - 
3 24 - 
25 
Avg. 48.9 
Sdv. 1.7 
Avg. = Average 
Sdv. = Standard Deviation 
FR = First Reading 
SR = Second Reading 
T/C TEMP. [*Cl 
FR SR 
26 19.4 19.1 
27 17.6 17.3 
28 17.3 17.0 
29 18.1 17.9 
30 19.6 19.3 
c 31 17.0 16.8 
u 32 17.0 16.9 
33 17.7 17.7 
34 17.8 17.9 
35 17.4 17.5 
Avg. 17.8 
Sdv. 0.9 0.9 
36 18.3 17.9 
37 17.4 17.0 
38 18.7 18.6 
39 18.3 18.1 
40 16.8 17.0 
41 15.7 15.7 
u 42 15.7 15.6 
43 16.0 16.0 
44 15.4 15.4 
Avg. 16.9 
Sdv. 1.3 1.2 
45 19.7 17.2 
46 20.0 18.4 
47 19.5 19.2 
48 18.8 18.6 
c 49 17.4 17.3 
u 
ý 50 18.1 18.0 
51 17.2 17.0 
52 16.0 15.9 
Avg. 18 .0 
Sdv. 1.4 1.1 
T/C TCAII'. [°C] 
FR SR 
53 17.3 17.4 
54 16.0 16.0 
55 16.1 16.0 
56 15.0 15.0 
57 14.7 14.5 
° 58 16.0 16.0 
tt 59 14.8 14.7 
60 15.6 15.4 
Avg. 15.7 
Sdv. 0.9 0.9 
61 19.0 18.9 
62 16.4 16.3 
63 18.9 18.9 
64 16.4 16.4 
65 17.9 17.8 
66 16.3 16.3 
67 15.0 14.8 
68 15.3 15.2 
69 15.4 15.4 
70 15.6 15.5 
Avg. 16 .6 
Sdv. 1.5 1.5 
71 22.5 22.0 
72 19.4 19.2 
73 20.1 19.9 
ý 74 17.2 17.0 
75 18.4 18.4 
76 17.0 16.5 
77 18.3 18.3 
78 20.8 20.6 
Avg. 19 .1 
Sdv. 1.9 1.8 
RI 79 
R2 80 
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RADIATIVE HEAT FLUX READING AND CALCULATION DATA 
TEST 1-Part s 
Cell Voltage 
Reading [µV] 
Enclosure 
Wall 
[ Clmp. 
Sensor 
Surface 
Temp. 
[°C] 
Sensor 
Sensor 
Calibration 
Factor 
[AV/WM' =] 
Net IIeat 
Flux on 
Sensor 
Surface 
W/m 
Net Heat 
Flux on 
Enclosure 
Wall /m 
2 1182.0 17.8 19.7 2 21.331 55.4 111.2 
3 1220.0 17.8 19.5 2 21.331 57.2 113.5 
4 1240.0 17.8 19.6 2 21.331 58.1 115.7 
5 1252.0 17.8 20.0 2 21.331 58.7 118.7 
6 1264.0 17.8 20.1 2 21.331 59.3 120.2 
7 1270.0 17.8 20.0 2 21.331 59.5 120.3 
8 1227.0 17.8 20.0 2 21.331 57.5 116.5 
9 1208.0 17.8 19.9 2 21.331 56.6 114.4 
10 1191.0 17.8 19.7 2 21.331 55.8 112.0 
11 1198.0 17.8 19.7 2 21.331 56.2 112.6 
12 1215.0 17.8 19.7 2 21.331 57.0 114.0 
13 1246.0 17.8 19.3 2 21.331 58.4 114.8 
14 1258.0 17.8 19.7 2 21.331 59.0 117.8 
15 1266.0 17.8 19.9 2 21.331 59.4 119.4 
16 1258.0 17.8 19.9 2 21.331 59.0 118.5 
17 1289.0 17.8 18.6 1 21.136 61.0 116.2 
18 1285.0 17.8 18.6 1 21.136 60.8 115.9 
19 1310.0 17.8 18.2 1 21.136 62.0 116.1 
20 1285.0 17.8 18.4 1 21.136 60.8 114.9 
21 1254.0 17.8 18.3 1 21.136 59.3 111.7 
22 1182.0 17.8 18.8 1 21.136 55.9 107.8 
23 1125.0 17.8 18.7 1 21.136 53.2 102.4 
24 1056.0 17.8 19.3 1 21.136 50.0 99.2 
25 1009.0 17.8 18.9 1 21.136 47.7 93.2 
26 938.0 17.8 19.0 1 21.136 44.4 87.4 
27 890.0 17.8 18.8 1 21.136 42.1 82.3 
28 850.0 17.8 18.7 1 21.136 40.2 78.1 
29 799.0 17.8 18.7 1 21.136 37.8 73.9 
30 779.0 17.8 18.5 1 21.136 36.9 71.2 
31 773.0 17.8 18.3 1 21.136 36.6 69.5 
32 746.0 17.8 18.3 1 21.136 35.3 67.1 
33 718.0 17.8 18.1 1 21.136 34.0 63.9 
Note: Net heat flux on enclosure wall calculated following approach presented in Section 5.4, 
Equation 5.7 
Table K. 6 - heat Flux Reading and Calculating Data Referent Test 1- Part c 
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Table K. 7 - BOXES AND ENCLOSURE SURFACE TEMPERATURE READINGS 
TEST 1- Part d 
T/C TEMP. 
[°Cl 
1 129.6 
2 130.5 
B 3 127.7 
4 130.5 
0 
5 133.3 
X 6 125.3 
7 127.1 
1 8 128.9 
Avg. 129.1 
Sdv. 2.5 
9 92.5 
10 89.6 
B 
11 85.5 
12 89.7 
0 13 90.9 
X 14 88.5 
15 88 
2 16 92.2 
Avg. 89.6 
Sdv. 2.3 
17 46.7 
18 50.5 
19 50.6 
B 20 47 
0 21 49.9 
X 22 51.5 
23 - 
3 24 - 
25 - 
Avg. 49.4 
Sdv. 2.0 
Avg. = Average 
Sdv. = Standard Deviation 
FR = First Reading 
SR = Second Reading 
T/C TEMP. [*Cl 
FR SR 
26 17.4 17.7 
27 15.6 15.4 
28 15.5 15.6 
29 16.3 16.2 
30 17.6 17.6 
c 31 15.2 15.1 
II 
32 15.2 15.2 
33 16.0 15.7 
34 15.9 15.9 
35 15.6 15.6 
Avg. 16.0 
Sdv. 0.8 0.9 
36 15.5 16.1 
37 15.0 15.2 
38 16.3 16.4 
39 15.8 16.1 
40 14.5 15.0 
N 
41 15.0 13.9 
II 42 15.0 13.9 
43 15.2 14.0 
44 14.8 13.6 
Avg. 15.1 
Sdv. 0.6 1.1 
45 19.3 17.8 
46 19.4 18.0 
47 18.4 17.7 
48 17.6 16.5 
c 49 16.1 15.0 
u 50 16.6 15.3 
51 16.0 14.3 
52 14.8 12.7 
Avg. 16. 7 
Sdv. 1.7 1.9 
T/C TCAfI'. I°Cl 
FR SR 
53 16.4 14.0 
54 15.9 13.3 
55 16.0 13.5 
56 15.1 12.7 
57 14.8 12.5 
° 58 15.7 13.7 
II 59 15.0 12.7 
60 15.2 13.1 
Avg. 14 .4 
Sdv. 0.6 0.5 
61 18.5 16.7 
62 16.0 14.1 
63 18.0 16.3 
64 16.0 14.0 
65 17.1 15.5 
66 15.6 14.2 
11 
67 14.1 12.9 
68 14.2 13.0 
69 14.4 13.2 
70 14.5 13.5 
Avg. 15.1 
Sdv. 1.6 1.4 
71 21.0 20.8 
72 18.2 17.5 
73 18.7 18.4 
74- 16.0 15.1 
0 75 17.0 16.7 
Il 
76 17.5 15.2 
77 17.2 16.4 
78 20.0 18.9 
Avg. 17.8 
Sdv. 1.7 1.9 
RI 79 
R2 80 
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RADIATIVE HEAT FLUX READING AND CALCULATION DATA 
TEST1-Partd (x=0) 
Cell Voltage 
Reading [µV] 
Enclosure 
Wall Temp. 
[°C] 
Sensor 
Surface 
Temp. 
[°C] 
Sensor 
Sensor 
Calibration 
Factor 
[µV / Wni 2] 
Net Heat 
Flux on 
Sensor 
Surfa =c 
W/m 
Net Heat 
Flux on 
Enclosure 
Wall 
[W/11121 
2 1662.0 16.7 16.9 1 21.136 78.6 146.4 
3 1691.0 16.7 16.9 1 21.136 80.0 149.0 
4 1745.0 16.7 16.7 1 21.136 82.6 152.7 
5 1835.0 16.7 15.6 1 21.136 86.8 155.5 
6 1852.0 16.7 16.2 1 21.136 87.6 159.8 
7 1877.0 16.7 15.8 1 21.136 88.8 160.1 
8 1880.0 16.7 16.0 1 21.136 88.9 161.3 
9 1895.0 16.7 15.6 1 21.136 89.7 160.7 
10 1904.0 16.7 15.7 1 21.136 90.1 162.0 
11 1923.0 16.7 15.3 1 21.136 91.0 161.8 
12 1900.0 16.7 15.4 1 21.136 89.9 160.3 
13 1887.0 16.7 15.4 2 21.331 88.5 157.6 
14 1825.0 16.7 15.8 2 21.331 85.6 154.1 
15 1790.0 16.7 15.9 2 21.331 83.9 151.5 
16 1711.0 16.7 16.0 2 21.331 80.2 145.1 
17 1692.0 16.7 15.8 2 21.331 79.3 142.6 
18 1640.0 16.7 16.2 2 21.331 76.9 139.9 
19 1602.0 16.7 16.0 2 21.331 75.1 135.7 
20 1528.0 16.7 16.5 2 21.331 71.6 131.6 
21 1486.0 16.7 17.1 2 21.331 69.7 130.8 
22 1355.0 16.7 18.0 2 21.331 63.5 123.7 
23 1339.0 16.7 17.7 2 21.331 62.8 120.9 
Note: Net heat flux on enclosure wall calculated following approach presented in Section 5.4, 
Equation 5.7 
Table K. 8 - Heat Flux Reading and Calculating Data Referent Test I- Part d (x = 0) 
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RADIATIVE HEAT FLUX READING AND CALCULATION DATA 
TEST 1" Part d (x =1020mm) 
Cell Voltage 
Reading [µV] 
Enclosure 
Wall Temp. 
[°C] 
Sensor 
Surface 
Temp. 
[°C] 
Sensor 
Sensor 
Calibration 
Factor 
[µV / Wni 2j 
Net Heat 
Flux on 
Sensor 
Surface 
W/m 
Net Heat 
Flux on 
Enclosure 
Wal l 
W/m 
2 1861.0 14.4 16.3 1 21.136 88.0 171.6 
3 1902.0 14.4 16.5 1 21.136 90.0 176.1 
4 1961.0 14.4 16.2 1 21.136 92.8 179.9 
5 2012.0 14.4 15.5 1 21.136 95.2 181.1 
6 2002.0 14.4 15.3 1 21.136 94.7 179.3 
7 1986.0 14.4 15.0 1 21.136 94.0 176.5 
8 1948.0 14.4 15.0 1 21.136 92.2 173.2 
9 1878.0 14.4 16.0 2 21.331 88.0 170.2 
10 1844.0 14.4 15.6 2 21.331 86.4 165.4 
11 1792.0 14.4 16.1 2 21.331 84.0 163.2 
12 1795.0 14.4 15.9 2 21.331 84.1 162.6 
13 1829.0 14.4 16.8 2 21.331 85.7 169.7 
14 1879.0 14.4 16.8 2 21.331 88.1 174.0 
15 1879.0 14.4 17.4 2 21.331 88.1 176.8 
16 1877.0 14.4 16.7 2 21.331 88.0 173.4 
Note: Net heat flux on enclosure wall calculated following approach presented in Section 5.4, 
Equation 5.7 
Table K. 9 - Heat Flux Reading and Calculating Data Referent Test I- Part d (x = 1020mm) 
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Table K. 10 - BOXES AND ENCLOSURE SURFACE TEMPERATURE READINGS 
TEST 1- Part e 
T/C TEMP. 
[°C] 
1 129.8 
2 130.7 
B 3 128.0 
4 130.1 
0 
5 133.4 
X 6 126.1 
7 129.3 
1 8 131.2 
Avg. 129.8 
Sdv. 2.2 
9 91.3 
10 89.3 
B 
11 85.3 
12 88.6 
0 
13 89.8 
X 14 87.5 
15 86.2 
2 16 90.4 
Avg. 88.6 
Sdv. 2.1 
17 47.0 
18 50.3 
19 50.4 
B 20 47.0 
0 21 49.3 
X 22 51.0 
23 - 
3 24 - 
25 - 
Avg. 49.2 
Sdv. 1.8 
Avg. = Average 
Sdv. = Standard Deviation 
FR = First Reading 
SR = Second Reading 
T/C TEMP. [°C] 
FR SR 
26 19.7 17.2 
27 17.7 15.5 
28 17.5 15.1 
29 18.5 16.1 
30 19.9 17.8 
0 31 17.3 15.1 
n 32 17.3 15.0 
33 18.1 15.7 
34 18.0 15.8 
35 17.7 15.4 
Avg. 17.0 
Sdv. 0.9 0.9 
36 18.4 15.8 
37 17.4 15.0 
38 18.8 16.1 
39 18.1 15.8 
40 16.9 14.6 
N 
41 16.5 13.6 
u 42 16.3 13.6 
43 16.7 14.0 
44 15.9 13.2 
Avg. 15.9 
Sdv. 1.0 1.1 
45 20.1 17.7 
46 20.3 18.0 
47 19.9 17.2 
48 19.1 16.4 
0 49 17.8 15.2 
u 50 18.4 15.9 
51 17.4 15.0 
52 16.3 13.8 
Avg. 17.4 
Sdv. 1.4 1.5 
T/C TEMP. [°C] 
FR SR 
53 17.7 15.2 
54 16.7 14.1 
55 16.7 14.1 
56 15.7 13.0 
57 15.3 12.7 
° 58 16.6 14.0 
59 15.4 12.9 
60 16.0 13.6 
Avg. 15.0 
Sdv. 0.8 0.8 
61 19.6 17.1 
62 17.0 14.7 
63 19.3 16.9 
64 17.0 15.7 
65 18.3 16.0 
66 16.7 14.6 
u 
N 67 15.1 13.1 
68 15.6 13.5 
69 15.8 13.7 
70 15.7 13.7 
Avg. 16 .0 
Sdv. 1.6 1.4 
71 22.7 20.2 
72 19.5 17.2 
73 20.3 18.2 
74 17.1 15.1 
75 18.7 16.4 
u 
76 19.0 15.0 
77 18.6 16.3 
78 21.0 18.8 
Avg. 18 .4 
Sdv. 1.7 1.8 
RI 79 
R2 80 
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RADIATIVE HEAT FLUX READING AND CALCULATION DATA 
TEST 1-Part e 
Cell Voltage 
Reading [. tV] 
Enclosure 
Wall Temp. 
1°C] 
Sensor 
Surface 
Temp. 
[°C] 
Sensor 
Sensor 
Calibration 
Factor 
[, IV / Wm'] 
Net Ileat 
Flux on 
Sensor 
Surface 
W/m 
Net l[eat 
Flux on 
Enclosure 
Wall 
W/m 
2 1479.0 15.9 16.8 2 21.331 69.3 132.0 
3 1511.0 15.9 17.3 2 21.331 70.8 137.2 
4 1576.0 15.9 16.7 2 21.331 73.9 140.0 
5 1582.0 15.9 17.0 2 21.331 74.2 141.9 
6 1612.0 15.9 16.2 2 21.331 75.6 140.8 
7 1615.0 15.9 16.2 2 21.331 75.7 141.0 
8 1603.0 15.9 15.7 2 21.331 75.1 137.7 
9 1614.0 15.9 15.3 2 21.331 75.7 136.8 
10 1594.0 15.9 15.4 2 21.331 74.7 135.5 
11 1576.0 15.9 15.6 2 21.331 73.9 134.9 
12 1604.0 15.9 15.5 2 21.331 75.2 136.8 
13 1625.0 15.9 15.5 2 21.331 76.2 138.6 
14 1615.0 15.9 15.6 2 21.331 75.7 138.2 
15 1625.0 15.9 15.8 2 21.331 76.2 139.8 
16 1742.0 15.9 15.2 1 21.136 82.4 148.8 
17 1757.0 15.9 15.4 1 21.136 83.1 151.0 
18 1742.0 15.9 15.1 1 21.136 82.4 148.3 
19 1769.0 15.9 15.3 1 21.136 83.7 151.4 
20 1758.0 15.9 15.3 1 21.136 83.2 150.6 
21 1758.0 15.9 15.3 1 21.136 83.2 150.4 
22 1792.0 15.9 15.1 1 21.136 84.8 152.7 
23 1826.0 15.9 15.5 1 21.136 86.4 157.5 
24 1876.0 15.9 15.5 1 21.136 88.8 161.9 
25 1953.0 15.9 15.2 1 21.136 92.4 167.2 
26 2027.0 15.9 15.3 1 21.136 95.9 174.1 
Note: Net heat flux on enclosure wall calculated following approach presented in Section 5.4, 
Equation 5.7 
Table K. 11 - Heat Flux Reading and Calculating Data Referent Test I- Part e 
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Table K. 12 - BOXES AND ENCLOSURE SURFACE TEMPERATURE READINGS 
TEST 2 
T/C TEMP. [°C] 
1 50.7 
2 51.6 
B 3 51.1 
4 51.8 
0 
5 51.9 
X 6 50.4 
7 50.7 
1 8 51.9 
Avg. 51.3 
Sdv. 0.6 
9 136.6 
10 132.7 
B 
11 126.9 
12 131.9 
0 
13 134.5 
X 14 130.0 
15 128.7 
2 16 135.1 
Avg. 132.1 
Sdv. 3.3 
17 83.8 
18 94.1 
19 95.6 
B 20 85.0 
0 21 92.2 
X 22 95.7 
23 
3 24 - 
25 - 
Avg. 91.1 
Sdv. 5.3 
Avg. = Average 
Sdv. = Standard Deviation 
FR = First Reading 
SR = Second Reading 
T/C TEMP. [*Cl 
FR SR 
26 16.2 16.5 
27 16.3 16.4 
28 15.2 15.4 
29 16.2 16.4 
30 16.2 16.5 
0 31 16.2 16.5 
u 32 16.9 17.3 
33 17.4 17.8 
34 18.0 18.2 
35 17.4 17.6 
Avg. 16.7 
Sdv. 0.8 0.8 
36 19.7 19.9 
37 17.4 17.6 
38 20.6 21.0 
39 18.8 19.3 
40 18.8 18.8 
eý n 
41 16.2 16.5 
42 16.1 16.3 
43 16.1 16.3 
44 15.8 16.0 
Avg. 17.8 
Sdv. 1.8 1.8 
45 21.0 21.6 
46 20.0 20.4 
47 21.7 22.0 
48 20.8 21.2 
0 49 18.3 18.6 
u 50 17.3 17.7 
51 16.5 16.8 
52 16.5 16.8 
Avg. 19 .2 
Sdv. 2.1 2.2 
T/C TCAiC. [°C] 
FR SR 
53 20.3 20.7 
54 17.2 17.2 
55 19.0 19.0 
56 16.2 16.0 
57 15.5 15.4 
° 58 15.4 15.4 
59 14.6 14.6 
60 14.8 14.8 
Avg. 1 6.6 
Sdv. 2.1 2.2 
61 15.9 16.1 
62 15.6 15.8 
63 15.8 16.0 
64 16.0 16.0 
65 15.3 15.3 
o 66 15.0 15.0 
u 
N 67 15.7 15.7 
68 15.9 15.8 
69 16.2 16.2 
70 16.5 16.6 
Avg. 15.8 
Sdv. 0.4 0.5 
71 27.7 27.5 
72 21.2 21.1 
73 25.0 25.0 
ý 74- 19.8 19.8 
75 23.4 23.6 
u 
76 16.7 16.6 
N 77 21.8 21.8 
78 17.4 17.4 
Avg. 21 .6 
Sdv. 3.7 3.7 
RI 79 
122 80 
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RADIATIVE HEAT FLUX READING AND CALCULATION DATA 
TEST2 - y=0 
Cell Voltage Reading [µV] 
Enclosure 
Wall Temp. 
[°C] 
Sensor 
Surface 
Temp. 
[°C] 
Sensor 
Sensor 
Calibration 
Factor 
[µV / Wm'2] 
Net Ileat 
Flux on 
Sensor 
Surface 
[IV/M21 
Net heat 
Flux on 
Enclosure 
Wall 
1V/m2 
2 1436.0 16.7 17.3 2 21.331 67.3 126.9 
3 1457.0 16.7 17.6 2 21.331 68.3 130.2 
4 1468.0 16.7 17.6 2 21.331 68.8 131.1 
5 1474.0 16.7 17.5 2 21.331 69.1 131.2 
6 1463.0 16.7 17.9 2 21.331 68.6 132.1 
7 1471.0 16.7 17.4 2 21.331 69.0 130.4 
8 1437.0 16.7 17.7 2 21.331 67.4 128.9 
9 1432.0 16.7 17.3 2 21.331 67.1 126.6 
10 1437.0 16.7 17.3 2 21.331 67.4 127.0 
11 1451.0 16.7 17.0 2 21.331 68.0 126.8 
12 1482.0 16.7 17.1 2 21.331 69.5 129.7 
13 1574.0 16.7 16.5 2 21.331 73.8 135.1 
14 1679.0 16.7 16.7 2 21.331 78.7 144.9 
15 1747.0 16.7 16.2 2 21.331 81.9 148.7 
16 1776.0 16.7 16.5 2 21.331 83.3 152.4 
17 1781.0 16.7 16.2 1 21.136 84.3 153.1 
18 1774.0 16.7 16.2 1 21.136 83.9 152.5 
19 1762.0 16.7 16.1 1 21.136 83.4 151.0 
20 1732.0 16.7 16.5 1 21.136 81.9 150.0 
21 1714.0 16.7 16.3 1 21.136 81.1 147.5 
22 1664.0 16.7 16.7 1 21.136 78.7 145.2 
23 1612.0 16.7 16.7 1 21.136 76.3 140.6 
24 1498.0 16.7 17.0 1 21.136 70.9 132.1 
25 1406.0 16.7 16.9 1 21.136 66.5 123.6 
26 1341.0 16.7 17.3 1 21.136 63.4 119.8 
27 1332.0 16.7 17.1 1 21.136 63.0 117.8 
28 1303.0 16.7 17.2 1 21.136 61.6 116.0 
29 1276.0 16.7 17.1 1 21.136 60.4 113.2 
30 1254.0 16.7 17.4 1 21.136 59.3 112.6 
31 1264.0 16.7 16.8 1 21.136 59.8 110.7 
32 1236.0 16.7 17.2 1 21.136 58.5 110.1 
33 1245.0 16.7 17.0 1 21.136 58.9 110.0 
Note: Net heat flux on enclosure wall calculated following approach presented in Section 5.4, 
Equation 5.7 
Table K. 13 - Heat Flux Reading and Calculating Data Referent Test 2 (y = 0) 
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RADIATIVE HEAT FLUX READING AND CALCULATION DATA 
TEST 2-x= 1020 nim 
Cell Voltage 
Reading [µV] 
Enclosure 
Wall Temp. 
[°C] 
Sensor 
Surface 
Temp. 
[°C] 
Sensor 
Sensor 
Calibration 
Factor 
[µV / Wm2J 
Net Heat 
Flux on 
Sensor 
Surface 
W/m= 
Net Ileat 
Flux on 
Enclosure 
Wall 
W/m= 
2 881.0 16.6 16.1 1 21.136 41.7 74.2 
3 906.0 16.6 15.9 1 21.136 42.9 75.7 
4 949.0 16.6 16.1 1 21.136 44.9 80.1 
5 1022.0 16.6 15.5 1 21.136 48.4 84.0 
6 1050.0 16.6 16.1 1 21.136 49.7 89.0 
7 1120.0 16.6 15.9 1 21.136 53.0 94.4 
8 1201.0 16.6 16.1 1 21.136 56.8 102.2 
9 1269.0 16.6 16.6 2 21.331 59.5 109.7 
10 1375.0 16.6 16.8 2 21.331 64.5 119.5 
11 1493.0 16.6 17.0 2 21.331 70.0 130.9 
12 1606.0 16.6 17.1 2 21.331 75.3 140.9 
13 1849.0 16.6 17.5 2 21.331 86.7 164.1 
14 2042.0 16.6 17.9 2 21.331 95.7 182.7 
15 2196.0 16.6 19.1 2 21.331 102.9 201.8 
16 2262.0 16.6 20.0 2 21.331 106.0 211.8 
Note: Net heat flux on enclosure wall calculated following approach presented in Section 5.4, 
Equation 5.7 
Table K. 14 - Heat Flux Reading and Calculating Data Referent Test 2 (x= 1020mm) 
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Table K. 15 - BOXES AND ENCLOSURE SURFACE TEMPERATURE READINGS 
TEST 3 
TIC TEMP. 
[°C) 
1 50.0 
2 50.9 
B 3 50.4 
4 51.1 
0 
5 51.5 
X 6 49.8 
7 49.9 
1 8 51.0 
Avg. 50.6 
Sdv. 0.6 
9 134.9 
10 130.8 
B 
11 124.6 
12 130.1 
0 
13 132.3 
X 14 127.7 
15 127.0 
2 16 133.0 
Avg. 130.1 
Sdv. 3.4 
17 83.1 
18 93.6 
19 95.1 
B 20 83.9 
0 21 91.0 
X 22 95.7 
23 - 
3 24 - 
25 - 
Avg. 90.4 
Sdv. 5.6 
Avg. = Average 
Sdv. = Standard Deviation 
FR = First Reading 
SR = Second Reading 
T/C TEMP. [*Cl 
FR SR 
26 14.1 13.9 
27 14.1 13.9 
28 12.8 12.6 
29 13.9 13.5 
30 13.8 13.6 
0 31 13.6 13.5 
u 32 14.5 14.3 
33 15.0 15.0 
34 14.3 14.2 
35 14.1 14.0 
Avg. 13.9 
Sdv. 0.6 0.6 
36 17.2 17.0 
37 15.0 14.8 
38 18.2 18.1 
39 16.3 16.3 
40 16.4 16.6 
N 
41 14.2 14.1 
42 14.0 14.0 
43 14.0 14.0 
44 13.6 13.6 
Avg. 15.4 
Sdv. 1.6 1.6 
45 17.9 17.8 
46 16.8 16.6 
47 19.4 19.2 
48 18.5 18.4 
49 15.9 15.8 
u 50 14.4 14.4 
51 13.8 13.9 
52 13.7 13.5 
Avg. 16.3 
Sdv. 2.2 2.2 
T/C TEMP. [°C] 
FR SR 
53 17.4 17.2 
54 14.4 14.1 
55 16.2 15.8 
ý 56 13.2 12.9 
57 12.3 11.9 
° 58 12.6 12.2 
59 12.0 11.5 
60 12.0 11.6 
Avg. 13.6 
Sdv. 2.1 2.1 
61 13.2 12.8 
62 13.0 12.5 
63 13.3 12.9 
64 13.2 12.8 
65 12.8 12.4 
0 66 12.6 12.2 
u 
N 67 13.2 12.8 
68 13.4 13.0 
69 13.8 13.3 
70 14.2 13.9 
Avg. 1 3.1 
Sdv. 0.5 0.5 
71 25.4 24.9 
72 18.9 18.6 
73 21.2 20.5 
ý 74" 17.1 16.6 
75 21.4 21.3 
ý 76 14.6 14.4 
u 
ý 77 19.8 19.7 
78 15.3 15.0 
Avg. 1 9.0 
Sdv. 3.6 3.5 
R1 79 
R2 80 
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RADIATIVE HEAT FLUX READING AND CALCULATION DATA 
TEST 3-y=0 
Cell Voltage 
Reading [pV] 
Enclosure 
Wall Temp. 
[°C] 
Sensor 
Surface 
Temp. 
[°C] 
Sensor 
Sensor 
Calibration 
Factor 
[4V/Wm- j 
Net Heat 
Flux on 
Sensor 
Surface 
W/m2 
Net Heat 
Flux on 
Enclosure 
Wall 
W/m2 
2 1070.0 13.9 14.8 2 21.331 50.2 96.5 
3 1089.0 13.9 14.7 2 21.331 51.1 97.7 
4 1106.0 13.9 14.8 2 21.331 51.8 99.7 
5 1135.0 13.9 14.5 2 21.331 53.2 100.8 
6 1160.0 13.9 14.9 2 21.331 54.4 104.6 
7 1192.0 13.9 14.5 2 21.331 55.9 105.5 
8 1200.0 13.9 14.8 2 21.331 56.3 107.8 
9 1213.0 13.9 14.7 2 21.331 56.9 108.5 
10 1268.0 13.9 14.3 2 21.331 59.4 111.2 
11 1300.0 13.9 14.5 2 21.331 60.9 114.9 
12 1355.0 13.9 14.2 2 21.331 63.5 118.2 
13 1464.0 13.9 14.1 2 21.331 68.6 127.5 
14 1592.0 13.9 13.7 2 21.331 74.6 136.7 
15 1685.0 13.9 14.0 2 21.331 79.0 146.1 
16 1757.0 13.9 13.7 2 21.331 82.4 151.0 
17 1769.0 13.9 14.0 2 21.331 82.9 153.4 
18 1780.0 13.9 14.0 2 21.331 83.4 154.4 
19 1792.0 13.9 13.8 1 21.136 84.8 155.7 
20 1777.0 13.9 14.0 1 21.136 84.1 155.3 
21 1768.0 13.9 14.1 1 21.136 83.6 155.2 
22 1767.0 13.9 14.0 1 21.136 83.6 154.7 
23 1707.0 13.9 14.5 1 21.136 80.8 151.5 
24 1620.0 13.9 14.4 1 21.136 76.6 143.6 
25 1551.0 13.9 14.7 1 21.136 73.4 138.7 
26 1504.0 13.9 14.9 1 21.136 71.2 135.5 
27 1475.0 13.9 14.9 1 21.136 69.8 133.2 
28 1445.0 13.9 14.9 1 21.136 68.4 130.4 
29 1396.0 13.9 14.8 1 21.136 66.0 125.9 
30 1351.0 13.9 14.9 1 21.136 63.9 122.4 
31 1308.0 13.9 14.7 1 21.136 61.9 117.5 
32 1259.0 13.9 15.0 1 21.136 59.6 114.8 
33 1250.0 13.9 14.9 1 21.136 59.1 113.6 
Note: Net heat flux on enclosure wall calculated following approach presented in Section 5.4, 
Equation 5.7 
Table K. 16 - Heat Flux Reading and Calculating Data Referent Test 3 (y = 0) 
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RADIATIVE HEAT FLUX READING AND CALCULATION DATA 
TEST 3-x =1020 mm 
Cell Voltage 
Reading [µV] 
Enclosure 
Wall Temp. 
[°Ci 
Sensor 
Surface 
Temp. 
[°C] 
Sensor 
Sensor 
Calibration 
Factor 
[µV I Wm'2] 
Net Ileat 
Flux on 
Sensor 
Surface 
W/m2 
Net Beat 
Flux on 
Enclosure 
wall 
W/m= 
2 875.0 13.6 13.4 1 21.136 41.4 75.6 
3 903.0 13.6 13.8 1 21.136 42.7 80.1 
4 967.0 13.6 13.3 1 21.136 45.8 83.2 
5 1034.0 13.6 13.1 1 21.136 48.9 88.3 
6 1083.0 13.6 13.1 1 21.136 51.2 92.4 
7 1144.0 13.6 13.5 1 21.136 54.1 99.5 
8 1223.0 13.6 13.1 1 21.136 57.9 104.9 
9 1281.0 13.6 13.9 2 21.331 60.1 112.3 
10 1387.0 13.6 14.0 2 21.331 65.0 122.1 
11 1541.0 13.6 14.0 2 21.331 72.2 4.6 
12 1720.0 13.6 14.1 2 21.331 80.6 5.2 
13 1932.0 13.6 13.7 2 21.331 90.6 5.7 
14 2132.0 13.6 14.8 2 21.331 99.9 6.5 
15 2290.0 13.6 15.2 2 21.331 107.4 7.1 
16 2324.0 13.6 17.0 2 21.331 108.9 7.4 
Note: Net heat flux on enclosure wall calculated following approach presented in Section 5.4, 
Equation 5.7 
Table K. 17 - Heat Flux Reading and Calculating Data Referent Test 3 (x= 1020mm) 
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Table K. 18 - BOXES AND ENCLOSURE SURFACE TEMPERATURE READINGS 
TEST 4 
T/C TEMP. 
[°C] 
1 51.0 
2 51.9 
B 3 51.8 
0 
4 50.7 
5 - 
X 6 - 
7 51.4 
1 8 51.9 
Avg. 51.5 
Sdv. 0.5 
9 136.4 
10 132.2 
B 
11 126.3 
12 132.0 
0 13 134.1 
X 14 129.3 
15 128.9 
2 16 134.6 
Avg. 131.7 
Sdv. 3.4 
17 84.1 
18 94.0 
19 95.7 
B 20 85.0 
0 21 92.0 
X 22 95.8 
23 
3 24 
25 
Avg. 91.1 
Sdv. 5.3 
Avg. = Average 
Sdv. = Standard Deviation 
FR = First Reading 
SR = Second Reading 
T/C TEMP. ["Cl 
FR SR 
26 14.9 15.0 
27 14.8 15.0 
28 13.8 14.0 
29 14.8 14.8 
30 14.8 14.9 
0 31 15.0 15.1 
n 32 15.0 15.4 
33 16.2 16.4 
34 15.9 16.0 
35 15.6 15.6 
Avg. 1 5.2 
Sdv. 0.7 0.7 
36 18.7 19.0 
37 16.5 16.5 
38 19.7 20.0 
39 17.9 18.0 
40 18.0 17.8 
N 
41 15.5 15.5 
it 42 15.2 15.2 
43 15.2 15.2 
44 14.9 14.9 
Avg. 16.9 
Sdv. 1.8 1.9 
45 19.1 19.4 
46 18.1 18.4 
47 20.8 21.0 
48 20.0 20.2 
0 49 17.6 17.7 
it 
50 16.2 16.2 
51 15.6 15.7 
52 15.5 15.6 
Avg. 17.9 
Sdv. 2.0 2.1 
T/C TEMP. [°C] 
FR SR 
53 19.3 19.4 
54 15.9 16.0 
55 17.7 17.7 
ý 56 14.7 14.9 
57 13.8 14.0 
° 58 14.2 14.3 
59 13.8 13.7 
60 14.0 14.0 
Avg. 15.5 
Sdv. 2.1 2.1 
61 14.4 14.4 
62 14.3 14.4 
63 14.7 14.9 
64 14.8 14.9 
65 14.3 14.4 
o 66 13.7 13.8 
67 14.7 14.7 
68 15.0 15.0 
69 15.5 15.5 
70 16.1 16.2 
Avg. 14 .8 
Sdv. 0.7 0.7 
71 26.9 26.6 
72 20.3 20.1 
73 22.5 22.3 
ý 74` 18.7 18.3 
75 23.0 23.2 
76 16.4 16.3 
77 20.9 20.9 
78 16.6 16.5 
Avg. 20. 6 
Sdv. 3.5 3.5 
R1 79 
R2 80 
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RADIATIVE HEAT FLUX READING AND CALCULATION DATA 
TEST 4- Y=O 
Cell Voltage 
Reading [DV] 
Enclosure 
Wall Temp. 
[°C] 
Sensor 
Surface 
Temp. ' 
[°C] 
Sensor 
Sensor 
Calibration 
Factor 
[µV I Wm z] 
Net Heat 
Flux on 
Sensor 
Surface 
W/m2 
Net Heat 
Flux on 
Enclosure 
Wall 
W/m2 
2 1046.0 15.2 15.9 2 21.331 49.0 94.0 
3 1062.0 15.2 16.1 2 21.331 49.8 96.1 
4 1073.0 15.2 15.9 2 21.331 50.3 96.4 
5 1069.0 15.2 16.3 2 21.331 50.1 97.7 
6 1079.0 15.2 16.5 2 21.331 50.6 99.5 
7 1080.0 15.2 16.9 2 21.331 50.6 101.4 
8 1085.0 15.2 16.6 2 21.331 50.9 100.7 
9 1084.0 15.2 16.7 2 21.331 50.8 100.8 
10 1101.0 15.2 16.2 2 21.331 51.6 100.0 
11 1112.0 15.2 16.4 2 21.331 52.1 102.1 
12 1138.0 15.2 16.0 2 21.331 53.3 102.5 
13 1167.0 15.2 15.9 2 21.331 54.7 104.5 
14 1190.0 15.2 15.5 2 21.331 55.8 104.4 
15 1205.0 15.2 15.6 2 21.331 56.5 106.2 
16 1225.0 15.2 15.3 2 21.331 57.4 106.5 
17 1251.0 15.2 15.1 1 21.136 59.2 108.9 
18 1263.0 15.2 15.2 1 21.136 59.8 110.6 
19 1289.0 15.2 15.4 1 21.136 61.0 113.8 
20 1319.0 15.2 15.5 1 21.136 62.4 116.9 
21 1363.0 15.2 15.9 1 21.136 64.5 122.4 
22 1432.0 15.2 15.9 1 21.136 67.8 128.6 
23 1523.0 15.2 16.3 1 21.136 72.1 138.4 
24 1598.0 15.2 16.7 1 21.136 75.6 146.6 
25 1664.0 15.2 16.7 1 21.136 78.7 152.6 
26 1705.0 15.2 16.7 1 21.136 80.7 156.0 
27 1742.0 15.2 16.9 1 21.136 82.4 160.1 
28 1732.0 15.2 16.9 1 21.136 81.9 159.5 
29 1692.0 15.2 16.8 1 21.136 80.1 155.5 
30 1661.0 15.2 16.3 1 21.136 78.6 150.5 
31 1636.0 15.2 16.1 1 21.136 77.4 147.1 
32 1578.0 15.2 15.9 1 21.136 74.7 141.4 
33 1512.0 15.2 15.9 1 21.136 71.5 135.6 
Note: Net heat flux on enclosure wall calculated following approach presented in Section 5.4, 
Equation 5.7 
Table K. 19 - Heat Flux Reading and Calculating Data Referent Test 4 (y = 0) 
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RADIATIVE HEAT FLUX READING AND CALCULATION DATA 
TEST 4-x =1020 mm 
Cell Voltage 
Reading [µV] 
Enclosure 
Wall Temp. 
[0C] 
Sensor 
Surface 
Temp. 
[ýC] 
Sensor 
Sensor 
Calibration 
Factor 
[µV / Wm 2] 
Net Heat 
Flux on 
Sensor 
Surface 
W/m 
Net Heat 
Flux on 
Enclosure 
Wall 
W/m 
2 1057.0 15.5 16.0 1 21.136 50.0 94.9 
3 1161.0 15.5 15.7 1 21.136 54.9 102.4 
4 1241.0 15.5 15.7 1 21.136 58.7 109.6 
5 1332.0 15.5 15.1 1 21.136 63.0 114.6 
6 1382.0 15.5 15.4 1 21.136 65.4 120.6 
7 1436.0 15.5 15.2 1 21.136 67.9 124.3 
8 1501.0 15.5 15.2 1 21.136 71.0 130.0 
9 1537.0 15.5 15.8 2 21.331 72.1 134.7 
10 1572.0 15.5 15.7 2 21.331 73.7 137.1 
11 1637.0 15.5 15.8 2 21.331 76.7 4.9 
12 1789.0 15.5 15.8 2 21.331 83.9 5.4 
13 1980.0 15.5 16.2 2 21.331 92.8 6.0 
14 2178.0 15.5 16.7 2 21.331 102.1 6.7 
15 2315.0 15.5 17.8 2 21.331 108.5 7.2 
16 2350.0 15.5 19.0 2 21.331 110.2 7.5 
Note: Net heat flux on enclosure wall calculated following approach presented in Section 5.4, 
Equation 5.7 
Table K. 20 - Heat Flux Reading and Calculating Data Referent Test 4 (x= 1020mm) 
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Table K. 21- ENCLOSURE SURFACE TEMPERATURE READINGS (Ref. Item 6.2) 
ENCLOSURE WALL TEMPERATURE UNIFORMITY CHECK - 
NO HEAT APPLIED ON BOXES SURFACES 
T/C TEMP. [*Cl 
26 18.4 
27 17.8 
28 17.8 
29 17.7 
30 17.7 
31 17.6 
32 17.6 
33 17.5 
34 17.4 
35 17.5 
Avg. 17.7 
Sdv. 0.3 
36 17.4 
37 17.4 
38 17.5 
39 17.5 
40 17.5 
41 17.8 
II 42 17.6 
43 17.6 
44 17.6 
Avg. 17.5 
Sdv. 0.1 
45 17.7 
46 17.8 
47 17.9 
48 17.9 
II 
49 18.0 
50 18.0 
51 17.9 
52 17.9 
Avg. 17.9 
Sdv. 0.1 
T/C TEMP. 1°C1 
53 17.9 
54 17.8 
55 17.7 
8 56 17.7 
57 17.6 
58 17.5 
59 17.6 
60 17.5 
Avg. 17.7 
Sdv. 0.1 
61 17.7 
62 17.7 
63 17.7 
64 17.8 
65 17.8 
66 17.9 
67 18.0 
68 18.0 
69 18.0 
70 18.0 
Avg. 17.9 
Sdv. 0.1 
71 18.0 
72 18.0 
73 17.9 
ý 74 18.0 
75 17.9 
u 
76 18.0 
77 17.9 
78 17.8 
Avg. 17.9 
Sdv. 0.1 
RI 79 
R2 80 
Avg. - Average 
Sdv. - Standard Deviation 
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